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ATTACHMENT - REMARKS 

Claims 1-1 1 are pending in the present application. By this Amendment, 
Applicants have amended claim 5. Applicants respectfully submit that the present 
application is in condition for allowance based on the discussion which follows. 

In the outstanding Office Action, claims 3-5 were rejected under 35 U.S.C. § 1 12, 
first paragraph, alleging that the specification, while being enabling for treating 
malignant melanomas with PRIMA-1 , does not necessarily provide enablement for 
inhibiting undesired angiogenesis. 

Contrary to the enablement rejection to claims 3-5 under 35 U.S.C. § 1 12, first 
paragraph, Applicants respectfully submit that one of ordinary skill in the art would be 
able to practice the invention, as claimed, based on the disclosure in the specification 
and what one of ordinary skill in the art would know. Filed contemporaneously with this 
Amendment is a Declaration from co-inventor Staffan Stromblad, Ph.D. (hereinafter 
"Stromblad Dec"), which provides evidence of what one of ordinary skill in the art would 
understand with regard to the claimed method. Moreover, the Stromblad Dec. provides 
evidence establishing that one of ordinary skill in the art, in view of the present 
specification, would be enabled to practice the claimed method to inhibit undesired 
angiogenesis (see Stromblad Dec). 

The present invention describes experiments which convincingly show: 

(1 ) wild type p53 may be present in the cell in an inactive conformation 
despite being non-mutated , 

(2) the inactivation of wild type p53 is mediated by the integrin a v (3 3 , and 
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(3) the inactive conformation of wild type p53, in the presence of integrin a v p 3 , 
may be restored by the novel compounds of the present invention (see 
Stromblad Dec, page 1, fourth paragraph-page 2, first paragraph). 

One of ordinary skill in the art, based on the present specification, and in view of 
what is previously known in the art, would be able to practice the invention as claimed. 
In two papers, viz. Stromblad et al., J. Clin. Invest. 98:426-433 (1996) (hereinafter 
"Stromblad (1996)," Appendix A to these remarks); and Stromblad et al., J. Biol. 
Chem. 277: 13371-13374 (2002) (hereinafter "Stromblad (2002)," Appendix B to these 
remarks) referred to at page 7 in the present specification, the involvement of p53 and 
integrin a v S 3 , respectively, in angiogenesis is discussed (Stromblad Dec, page 2, first 
full paragraph). 

Thus, these papers together teach that in neovascularisation of wild type 
animals, a v -integrins, such as a v B 3 , are activated in the proliferative endothelial cells and 
this activation leads to a suppression of the activity of p53 (Stromblad Dec, page 2, first 
full paragraph). Furthermore, it is shown that when the integrins are blocked, by use of 
integrin antagonists, endothelial p53 activity is restored and the vascular cells undergo 
apoptosis (Stromblad Dec, page 2, first full paragraph). Further, it is shown in p53 null 
mice that angiogenesis is refractory to inhibition of ct v -integrins, thus functionally linking 
in vivo the a v (3 3 -mediated inactivation of p53 in vascular cells to their capacity to 
undergo angiogenesis (Stromblad Dec, page 2, first full paragraph). 

These results provide evidence that the cell survival of both malignant melanoma 
cells and endothelial cells undergoing angiogenesis is under the influence of integrin 
a v 3 3 , suppressing the activity of p53 (Stromblad Dec, page 2, first full paragraph). 
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As pointed out herein above, in the present application, the present inventors 
have shown that the apoptosis-inducing activity of wild type p53, lost in the presence of 
a v (33 (i.e., inactive wild type p53), may be restored by treatment with the present 
inventive compounds (Strdmblad Dec, page 3, second paragraph). In view of the 
teachings of the two prior art documents referred to herein above, it is contemplated 
that this same principle may also be applied in endothelial cells undergoing 
angiogenesis under the influence of a v (33 and the inventive compounds, therefore, also 
may be applied in a method of treating undesired angiogenesis (Strbmblad Dec, 
page 3, second paragraph-page 7, first full paragraph). 

The majority of mortality associated with cancer is due to the metastasis of the 
original tumor cells, and angiogenesis is vital to the metastazation process. The reason 
is that the tumor formed by the metastazing cells needs a supply of nutrients and 
oxygen in order to grow, which requires the formation of new blood vessels through 
angiogenesis induced by the tumor cells; cf., e.g., Stromblad et al. (2002; vide supra), 
page 13373, right column, bottom paragraph. Therefore, by the method of inhibiting 
undesired angiogenesis according to the present invention, a novel, efficient way of 
combating cancer metastazation is provided. 

Undesired angiogenesis, however, also is associated with other diseases. For 
example, it is a major cause of blindness in various ocular diseases, such as diabetic 
retinopathy and the wet form of age-related macular degeneration. 

In view of the above, it is respectfully submitted that the presently claimed 
invention provides an important new way of treating persons suffering from disorders 
associated with undesired angiogenesis or malignant melanoma. This contribution to 
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medicine will be of great value to the increasing number of patients suffering from 
malignant melanoma, as well as patients suffering from other life threatening or 
seriously disabling diseases andm accordingly, a novel and non-obvious advancement 
over prior methods fully enabled for one of ordinary skill in the art to practice. 

Based on the foregoing, Applicants respectfully submit that claims 3-5 are in full 
compliance with the enablement requirements under 35 U.S.C. § 1 12, first paragraph. 

Claims 3-5 were rejected under 35 U.S.C. § 103 as being obvious from Bykov et 
al. (hereinafter "Bykov") in view of Hartmann et al. (hereinafter Hartmann"). 

Contrary to the obvious-type rejection, Applicants respectfully submit that in view 
of the prior discussion describing the present method, and in view of the following 
discussion, Applicants respectfully submit that claims 3-5 are not obvious from Bykov in 
view of Hartmann. 

The present invention is directed to a novel method for treating malignant 
melanomas based on treating individuals which have malignant melanoma cells 
producing inactive vet wild type p53 . which results from an inactive conformation of wild 
type p53. By this Amendment, Applicants have amended claim 5 to even more clearly 
recite that the individuals have malignant melanoma cells which produce inactive yet 
still wild type p53 which is inactive as a result of an inactive conformation. 

In sharp contrast to the present method, both Bykov and Hartmann are directed 
to mutant p53, that is p53 having lost its normal function due to a mutation in the gene 
sequence . Neither disclose wild type p53 which is an inactive form. One of ordinary 
skill in the art would readily appreciate that mutant p53 and inactive wild type p53 are 
two completely different compounds. One would not refer to wild type p53 which has 
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lost its inactivity as "mutant p53," as the term mutant is specifically used in this art to 
refer to a mutation at the gene sequence level (see Bykov et al., "Restoration of the 
tumor suppressor function to mutant p53 by a low-molecular-weight compound" (2002) 
(hereinafter "Bykov (2002)", Appendix C to these remarks). One would not refer to an 
inactivation due to conformational change of the gene product, e.g., in this case, the 
gene product p53, as mutant p53. 

Novelty and non-obviousness of the present invention lies, in part, based on a 
surprising finding that, although a cell may produce wild type p53 . the wild type p53 may 
lose its normal functionality. 

Furthermore, the mechanism in which wild type p53 has lost its normal function 
and the mechanism by which mutant p53 has lost its function are by a completely 
different mechanism. Accordingly, one of ordinary skill in the art would not expect that a 
treatment which corrects or addresses mutant p53 to establish normal functioning p53 
would have a similar effect in restoring function to inactive wild type p53 since the 
mechanism by which each respective p53 is inactive is completely different from one 
another. Thus, the appearance of an inactive conformation in wild type p53 is in no way 
linked to a mutation in the gene sequence of p53 (i.e., mutant p53). This is indeed a 
surprising finding. Moreover, the newly discovered mechanism of the cause of inactive 
wild type p53, i.e. not by a gene mutation, is quite significant and directly leads to a 
surprising trait which underlies the present invention. Therefore, one would not have 
expected that a treatment targeting mutant p53 would in any way have any effect on 
inactive wild type p53 . 
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Moreover, in malignant melanoma, mutant p53 plays a minor role as has been 
previously discussed by the Applicants in prior responses and has been recognized by 
the Examiner. However, in developing the present invention, the present inventors 
found that a loss of activity of wild type p53 is generally involved in the occurrence and 
growth of malignant melanoma cells. Prior to this present invention, a link between a 
loss of activity of wild type p53 and the occurrence and growth of malignant melanoma 
cells was not known. It was through extensive experimentation that the present 
inventors were able to show that the loss of activity of wild type p53 is due to a loss in 
conformation mediated by the action of integrin 0^63. These experiments have 
permitted the present inventors to make the conclusion, as described in detail in the 
present specification at pages 10-14 under the heading "Experimental" and in 
Figures 1A-3E. 

First, by experiments described at pages 12-13, and illustrated in Figures 2A-D, 
the present inventors show that the integrin a v p3 induces an unfolded conformation of 
wild type p53 and suppresses wild type p53 activity. Thus, experiments are performed 
wherein the specific DNA binding activity of wild type p53 is compared between 
melanoma cells expressing integrin avfo or lacking expression of integrin a v (33- It is 
shown that integrin a v p 3 inhibits wild type p53 activity without influencing wild type p53 
protein levels. 

Next, by experiments described in the present specification at pages 13-14 and 
Figures 3A-D, the present inventors show that integrin a v p3-mediated suppression of 
wild type p53 activity leads to melanoma cell survival and melanoma tumor growth. In 
particular, experiments were performed in vivo, by injection of human melanoma cells in 
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mice (cf. last two lines of page 13 and page 14). As a result, Figure 3C shows the 
tumor growth in mice having received injection of different clones of melanoma cells 
(1 x 10 6 ). In Figure 3C: 

(1 ) M21 is a melanoma cell expressing wild type p53 and lacking expression 
of a v B 3 ; 

(2) M21 L is a melanoma cell expressing wild type p53 but not expressing 
a v B 3 ; and 

(3) Lp53His1 75-0 and Lp53His1 75-8 are melanoma cells having expression 
of dominant negative p53 specifically blocking the action of endogenous 
p53. 

From Figure 3C, it appears that the growth of melanoma cells expressing wild 
type p53 and of a v B 3 is essentially identical to that of melanoma cells having blocked 
p53, whereas the growth of melanoma cells having wild type p53 and lacking 
expression of a v B 3 is substantially lower. Thus, inactivation of wild type p53 mediated 
by a v B 3 leads to growth of melanoma cells in mice. 

The present inventors then went on to show that the inactivation of wild type p53 
may be reversed by use of the compounds of the invention, and that this may be used 
to induce apoptosis of melanoma cells, in a series of experiments described in the 
present specification at pages 15-17 and in Figures 4A-4H. 

Thus, melanoma cells having wild type p53 and expressing or lacking expression 
of the integrin a v B 3 were incubated with or without the inventive compound PRIMA-1 for 
7 days and analysed by means of antibodies specific for wild type p53 in inactive 
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conformation (PAb240) and for wild type p53 in active conformation (PAb1620), 
respectively. 

In Figure 4A, the percent reactivity of the melanoma cells with the respective 
antibodies are illustrated. 

At the left hand side of Figure 4A, results are shown for cells expressing both 
wild type p53 and a v P3, in the absence (Control) or presence of PRIMA-1 , respectively. 
In the absence of PRIMA-1 , the reactivity to antibodies recognizing wild type p53 in 
active conformation is close to zero, while there is a substantial reactivity to antibodies 
recognizing wild type p53 in inactive conformation. In the presence of PRIMA-1 , on the 
other hand, the reactivity to antibodies recognizing wild type p53 in inactive 
conformation is close to zero, while the reactivity to antibodies recognizing wild type p53 
in active conformation is substantially increased. This provides evidence that in 
melanoma cells expressing both wild type p53 and a v B 3 , PRIMA-1 is capable of inducing 
the active conformation of wild type p53 despite the presence of a v B3. 

At the right hand side of Figure 4A, results are shown for cells expressing wild 
type p53 but lacking expression of avfo in the absence (Control) or presence of 
PRIMA-1 , respectively. In these cells, wild type p53 are recognized by the antibody 
specific for the active conformation in both the presence and absence of PRIMA-1 . This 
indicates that in cells expressing wild type p53 but lacking expression of a v B3, wild type 
p53 is in its active conformation irrespectively of the presence or absence of PRIMA-1 . 

Finally, the present inventors also have confirmed that the restoration of an 
active wild type p53 conformation by PRIMA-1 leads to induction of apoptosis of 
melanoma cells in vivo in mice, so as to block melanoma tumor growth. This experiment 
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is described at page 16, penultimate paragraph to page 17, first paragraph and 
illustrated in Figures 4G and 4H. 

In Figure 4G (upper diagram), the tumor volume in mice after injection of 
1 .5 x 10 6 human melanoma cells expressing both wild type p53 and a v p3 is shown. In 
mice receiving only PBS, the tumor volume was about 300 mm3 at the end of the 
period, while in mice receiving PRIMA-1 , the tumor volume was about 100 mm3. 

Thus, the results show that PRIMA-1 effectively blocked tumor growth in mice 
having received human melanoma cells expressing both wild type p53 and a v (3 3 , and 
that in the absence of PRIMA-1 , wild type p53 did not seem capable of blocking growth 
of tumors. 

To summarize: the present inventors have found a new mechanism explaining 
why, in malignant melanoma cells, p53 is non-functional even when being non-mutated , 
i.e. wild type . This mechanism involves the presence of the integrin a v (3 3 . Having found 
this mechanism, the present inventors have been able to show that that functionality of 
the wild type p53 may be restored even in the continued presence of the integrin a v S 3 . 
Finally, the inventors have been able to show that by restoring the functionality of the 
wild type p53, malignant melanoma may be successfully treated. 

It should be noted that in the switch to vertical growth phase, the melanoma cells 
acquire expression of the integrin a v (3 3 (Albelda et al. Cancer Res 1990, attached as 
Appendix D to these remarks). This implies that a v (3 3 -mediated inactivation of wild type 
p53 is a general mechanism in malignant melanoma. 
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It also should be pointed out that in the experiments, the nucleotide sequence of 
the wild type p53 had been determined by sequencing and it was confirmed that it was 
not mutant . 

Determining the sequence of a gene, such as the p53 gene, is a matter of routine 
experiment. Before the present invention, the person of skill in the art, having 
determined the p53 genotype of the melanoma cells of a person suffering from a 
malignant melanoma and found that it was of the wild type, would have had no 
motivation to treat the person with a compound known to act on mutant p53. 

Based on the foregoing, Applicants respectfully submit that claims 3-5 are not 
obvious from Bykov in view of Hartmann. 

In view of the foregoing, Applicants respectfully submit that the present 
application is in condition for allowance. 

Respectfully submitted, 

Date: May 11, 2009 
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Suppression of p53 Activity and P 21 WAF1/C,P1 Expression by Vascular Cell Integrin 
av|33 during Angiogenesis 

Staffan Stromblad, Jiirgen C. Becker, Mayra Yebra, Peter C. Brooks, and David A. Cheresh 

Departments of Immunology and Vascular Biology, IMM24, The Scripps Research Institute, La Jolla, California 92037 


Abstract 

Induction of p53 activity in cells undergoing DNA synthesis 
represents a molecular conflict that can lead to apoptosis. 
During angiogenesis, proliferative endothelial cells become 
apoptotic in response to antagonists of integrin av(33 and 
this leads to the regression of angiogenic blood vessels, 
thereby blocking the growth of various human tumors. Evi- 
dence is presented that administration of avp3 antagonists 
during angiogenesis in vivo selectively caused activation of en- 
dothelial cell p53 and increased expression of the p53- 
inducible cell cycle inhibitor p 21 WAF1/CIP1 . In vitro studies re- 
vealed that the ligation state of human endothelial cell av[}3 
directly influenced p53 activity and the bax cell death path- 
way. Specifically, agonists of endothelial cell av(33, but not 
other integrins, suppressed p53 activity, blocked p21 WAF " 
CIP1 expression, and increased the bcl-2/bax ratio, thereby 
promoting cell survival. Thus, ligation of vascular cell inte- 
grin avf33 promotes a critical and specific adhesion-depen- 
dent cell survival signal during angiogenesis leading to inhi- 
bition of p53 activity, decreased expression of p21 WAF1/CIP1 , 
and suppression of the bax cell death pathway. (/. Clin. In- 
vest. 1996. 98:426-433). Key words: endothelial cells • gene 
expression • apoptosis • cell cycle • bcl-2 

Introduction 

Angiogenesis is a critical process during development, wound 
healing, and various diseases including cancer, adult blindness, 
and inflammatory disorders (1). We recently showed that inte- 
grin av|33 becomes expressed on angiogenic vascular cells 
where it plays a critical role in angiogenesis induced by basic 
Fibroblast growth Factor (bFGF) 1 , TNF-ot, or fragments of hu- 
man tumors in the chick embryo (2, 3). In fact, antagonists of 
avB3 administered intravenously to chick embryos caused re- 
gression of angiogenic blood vessels on the chorioallantoic 
membrane (CAM) due to unscheduled apoptosis (2). Impor- 
tantly, this resulted in the regression of human tumors on the 
chick CAM or in human skin transplants on SCID mice (2, 4). 
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Cell survival and proliferation depend on appropriate sig- 
nals mediated by growth factors and/or adhesion proteins 
within the extracellular matrix (5, 6). However, incompatible 
signaling events can result in apoptosis (7-12). We hypothe- 
sized that during angiogenesis, integrin avB3 promotes an ad- 
hesion-dependent survival signal necessary for normal cell cy- 
cle progression, since antagonists of ctvB3 administered in vivo 
preferentially caused apoptosis of proliferating vascular cells 
(2). Therefore, we examined whether the observed apoptosis 
might be associated with the induction of conflicting signals 
during endothelial cell cycle progression. Recent reports have 
demonstrated that cells expressing active p53 while undergo- 
ing DNA synthesis in vitro become apoptotic, presumably due 
to conflicting signals (7-11). Induction of apoptosis by p53 has 
been associated with its ability to promote or repress transcrip- 
tion of genes that either influence cell cycle progression or di- 
rectly regulate cell survival and apoptosis (13-16). Therefore, 
experiments were designed to evaluate whether ligation of en- 
dothelial cell avB3 influenced expression and/or activity of p53 
and of putative mediators of p53-induced apoptosis during an- 
giogenesis. 


Methods 

Cell lines and tissue culture. Human umbilical vein endothelial cells 
(HUVECs) from pooled donors (Clonetics Corp., San Diego, CA) 
were grown in Ml 99 containing 20% FBS, 100 |xg/ml gentamicin, 4 
mM L-glutamine, 0.9 mg/ml heparin and 30 (j-g/ml endothelial cell 
growth supplement (Upstate Biotech. Inc., Lake Placid, NY). 

Cell adhesion to antiintegrin antibodies as agonists of integrin 
function. For evaluation of effects by individual integrins, plastic 
dishes were first coated with 25 ixg/ml goat anti-mouse polyclonal an- 
tibodies (Jackson ImmunoResearch Labs., Inc., West Grove, PA) at 
37°C for 2 h, followed by blocking with 1 % heat-denatured BSA at 
37°C for 1 h. Then, mouse monoclonal antibodies (10 |xg/ml) LM 609 
(anti-av03), P1F6 (anti-avB5), or P4C10 (anti-Bl) were allowed to 
bind the immobilized anti-mouse antibody for 14 h at 4°C. Subconflu- 
ent (~ 50%) HUVEC cells were harvested with EDTA, washed, and 
resuspended in 20 mM Hepes, 140 mM NaCl, 5 mM KC1, 1 mM 
CaCl 2 , 2 mM MgCl 2 , 5 mM glucose, and 5 mM sodium pyruvate, pH 
7.4 (adhesion buffer). Cells were then allowed to attach to antibody- 
coated dishes for 4 h at 37°C. To maintain cells in suspension, some 
dishes were coated only with 1 % heat-denatured BSA. 

Chick CAM angiogenesis assay. 10-d-old chick embryos, pur- 
chased from Mclntyre Poultry (Lakeside, CA), were incubated at 
37°C with 60% humidity. Filter discs (Whatman Inc., Clifton, NJ), 
1 x 1 cm, were saturated with 1 ^.g/ml bFGF (Genzyme Corp., Cam- 
bridge, MA) and placed on top of an avascular zone of the CAM as 
previously described (3). After 20-24 h, at the peak of avp3 expres- 
sion (S. Stromblad, and D.A. Cheresh, unpublished results), embryos 
were injected intravenously with 100 jjd PBS containing antagonists 
to avp3, 300 |xg mAb LM 609 or 100 |xg peptide 66203 (cyclo- 
RGDfV). Control embryos received 300 jig mAb CSAT (anti-61) or 
100 M-g peptide 69601 (cyclo-RADfV). 48 h later, CAM tissues di- 
rectly underlying the filters were resected for isolation of nucleic ac- 
ids or protein. Chick thymus was isolated from 8-wk-old chickens and 
used as positive control tissue. 
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Isolation of CAM cells and sorting of endothelial cells. After induc- 
tion of angiogenesis, CAMs were resected and washed three times in 
sterile PBS, finely minced, and resuspended in 0.25% bacterial colla- 
genase (Worthington Biochemical Corp., Freehold, NJ). After incu- 
bation for 120 min at 37°C with occasional vortexing, cells were 
washed three times in PBS with 1% BSA, and then incubated with a 
1:100 dilution of antiFactor VIII rabbit polyclonal antibodies 016P 
(BioGenex Labs., San Ramon, CA) at room temperature for 60 min. 
After three washes in PBS/1 % BSA, cells were incubated with FITC- 
conjugated goat anti-rabbit antibodies at 1:50 dilution (Biosource In- 
ternational, Camarillo, CA) for 45 min at 25°C. Cells were then 
washed three times (PBS/1% BSA) and positive staining cells were 
separated from negative by flow cytometry using a FACStar® cell 
sorter (Becton Dickinson & Co., Mountain View, CA) with Consort 
30 software (Becton Dickinson & Co.). Cells incubated only with the 
secondary antibody were used to set negative markers and the sort- 
ings typically yielded 15-20% positive cells. 

Preparation of nucleic acids and mRNA analyses. Total nucleic ac- 
ids (TNA) were isolated by the method of Durnam and Palmiter (17) 
using 3-5 pooled CAMs per preparation. The TNA concentrations 
were measured by spectrophotometry at 260 nm. Chicken bcI-2 
mRNA and (3-actin mRNA was quantified by solution hybridization 
where 50,000 cpm of a 35 S-CTP-labeled (Amersham Corp., Arlington 
Heights, IL) probe was hybridized to 1-2 u.g (p-actin) or 10-20 y.g 
(bcl-2) of the TNA samples as previously described (18) with re- 
agents from Promega Biotech. Inc. (Madison, WI). The bcl-2 clone 
used was a 532-bp Aval-BamHI (from 71 to 603) cDNA fragment of 
the chicken bcl-2 (19), subcloned into a pGEM™ 4Z riboprobe vec- 
tor (Promega Biotech. Inc.). P-Actin mRNA was quantified using a 
2.2-kb cDNA coding for chicken p-actin (20), subcloned into 
pGEM™ 3. The hybridization signals were compared with that of a 
standard curve produced using synthetic mRNA strands complimen- 
tary to the probes made from the same cDNAs. Three TNA prepara- 
tions were analyzed for each group and the values were determined 
using four incubations for each sample at two different concentra- 
tions, to ensure that the analyses were within a linear range. 

Western blot analyses. Cells or tissues were lysed in a modified 
RIPA buffer (150 mM NaCl, 10 mM Tris, pH 7.4, 1 mM EDTA, 1% 
Triton X-100, 1% deoxycholic acid, 1 mM PMSF, with addition of 
Complete™ protease inhibitor cocktail [Boeringer Mannheim, Mann- 
heim, Germany]). Protein concentrations were determined by a BCA 
assay (Pierce Chemical Co., Rockford, IL) using BSA as a standard. 
Cell lysates from three to four pooled CAMs or from HUVEC cells 
(30 |xg protein) were run in an 8% (p53) or 12% (all others) SDS- 
PAGE, including Rainbow™ molecular weight size markers (Amer- 
sham Corp.) under DTT-reduced (50 mM) or non reduced (chicken 
bcl-2) conditions. Proteins were then transferred to a nitrocellulose 
filter by semidry blotting in 25 mM Tris, 200 mM glycine, 1.3 mM 
SDS, 20% methanol, pH 8.3, at 160 raA for 3 h. The filters were 
stained with 10% Ponceau S solution (Sigma Chemical Co., St. Louis, 
MO) for 10 min to verify equal loading and transfer efficiency (data 
not shown). The filters were then blocked in 10% dry milk for 14 h at 
4°C and probed with 1-2 u,g/ml antibodies sc 492 (anti-bcl-2), sc 493 
(anti-bax) (Santa Cruz Biotech., Santa Cruz, CA), anti-p53 poly- 
clonal antibody-7 (Oncogene Science Inc., Cambridge, MA), or anti- 
p21 WAF1 polyclonal antibody-5 (Oncogene Science Inc.) for 60 min at 
RT. After washes in TBS-T (20 mM Tris, 137 mM NaCl, 0.1 % Tween 
20), signals were detected by horseradish peroxidase-conjugated sec- 
ondary goat anti-rabbit antibodies at 1:3,000 dilution (Bio-Rad Labo- 
ratories, Richmond, CA) or rabbit anti-sheep at 1:5,000 dilution (On- 
cogene Science Inc.) for 45 min at RT. After extensive washing in 
TBS-T, electrochemical luimnicense was developed (Amersham 
Corp.). Membranes were then exposed to X-omat AR x-ray film 
(Eastman Kodak Co., Rochester, NY) and quantitative values were 
determined using a Personal Densitometer (Molecular Dynamics, 
Inc., Sunnyvale, CA) coupled to ImageQuant software (Molecular 
Dynamics, Inc.). 

Electrophoretic mobility-shift assays (EMS A). Nuclear extracts were 


isolated from 2 x 10 5 to 1 x 10 6 cells by the method of Schreiber et al. 
(21). Cells were suspended in 400 u,l cold buffer A (10 mM Hepes, pH 
7.9, 10 mM KC1, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM 
PMSF) and allowed to swell on ice for 15 min; after which, 25 pi 10% 
Nonidet P-40 was added and the tubes extensively vortexed. After 
centrifugation, the nuclear pellet was resuspended in 80 uJ ice cold 
buffer B (20 mM Hepes, pH 7.9, 0.4 mM NaCl, 1 mM EDTA, 1 mM 
EGTA, 1 mM DTT, 1 mM PMSF) and vigorously rocked at 4°C for 
15 min. Nuclear extracts were cleared by centrifugation. Protein con- 
tent was assayed with Bradford reagent (Bio-Rad Laboratories). 
32 P-end-labeled double-stranded oligonucleotides containing the fol- 
lowing human recognition sequences were used: p53 (5' CAG GCA 
TGT CTA CAG GCA AAG GCA TGT CTG 3') and SP1 (5' ATT 
CGA TCG GGG CGG GGC GAG C 3'). An oligonucleotide con- 
taining a mutated p53 recognition sequence (5' CAT CAA TGT 
CTA CAG GCA AAG GCA TAC GTG 3') served as a control to 
measure nonspecific binding of proteins present in the nuclear ex- 
tracts. Each reaction mixture contained 10 fmol probe and 5 (xg pro- 
tein from nuclear extracts. Binding reactions were conducted in 
50 mM Hepes, 30% glycerol, 50 mM KC1, 10 mM MgCl 2 , 1 mM 
EDTA, 1 mM DTT, and 1 mg poly(dl-dC) in a final volume of 15 uJ. 
These reactions were allowed to occur at 4°C for 20 min. For super- 
shift experiments, nuclear extracts were preincubated with 1 |xg of 
anti-p53 monoclonal antibody 421 (Oncogene Science Inc.) for 
20 min at 4°C. Complexes were resolved on 6% nondenaturing poly- 
acrylamide gels in 50 mM Tris, 45 mM borate, and 0.5 mM EDTA, 
pH 7.4. The samples were then subjected to electrophoresis for 2 h at 
lOV/cm. Gels were dried and subsequently visualized with a Phos- 
phorlmager (Molecular Dynamics, Inc.). 

Results 

Experiments were designed to investigate the role of integrin 
av03 in the regulation of vascular cell survival during angio- 
genesis. Angiogenesis was induced with bFGF on the chick 
CAM of 10-d-old chick embryos. 1 d later embryos were in- 
jected intravenously with anti-av|33 monoclonal antibody 
(mAb LM609) or a control antibody directed to chick (31 inte- 
grins (mAb CSAT). Administration of anti-avp3 specifically 
leads to extensive apoptosis among proliferating endothelial 
cells on these CAMs within 48 h (6). To evaluate whether the 
apoptosis observed was associated with induction of p53 activ- 
ity, nuclear extracts prepared from these CAMs were exam- 
ined for p53 binding activity in a gel mobility shift assay. Ad- 
ministration of a single intravenous dose of anti-avf33, 
sufficient to induce apoptosis after bFGF stimulation (2), 
caused a marked increase in p53 DNA binding activity as mea- 
sured by the mobility shift (Fig. 1 A). However, CAMs exam- 
ined from embryos injected with anti-pl showed negligible ap- 
optosis (2) and p53 activity (Fig. 1 A). The induction of p53 
activity with anti-av(33 was specific since excess unlabeled oli- 
gonucleotide effectively competed for this binding activity 
(Fig. 1 A) and a mutant oligonucleotide failed to cause the gel 
shift (data not shown). Also, injection of anti-avf}3 produced 
no change in SP1 binding activity (Fig. 1 A). 

To determine whether this increased p53 activity was asso- 
ciated with endothelial cells within these tissues, single cell sus- 
pensions isolated from CAMs by collagenase treatment were 
stained for the endothelial cell marker, Factor VIII, and were 
sorted by flow cytometry. Analysis of nuclear extracts from 
these CAM-sorted endothelial cells revealed increased p53 
binding activity after exposure to both bFGF and anti-avp3 
while SP1 binding activity remained unchanged (Fig. 1 B). In 
contrast, injection of mAb CSAT had no effect on p53 or SP1 


Integrin av/33, Angiogenesis, and Endothelial Cell Survival 427 


p53 shift - 


free probe - 



j| - p53 shift 

t mm mm _ 

SP1 shift 


5X SOX bFGF 
comp. oligo LM 609 
CSAT 


bFGF - + 
LM 609 - + 
CSAT 

Figure 1. Regulation of p53 activity during bFGF-induced angiogenesis on the chick CAM. (A) Angiogenesis was stimulated with bFGF on the 
chick CAM in the presence of anti-av|33 or anti-pi. Nuclear extracts from three pooled CAMs were analyzed by an EMSA, examining p53 or 
SP1 DNA binding activity as described in Methods (left). In parallel, the nuclear extract from the anti-av|33 treated CAM was incubated with a 
5- or 50-fold excess of unlabeled oligonucleotide (right). (B) Angiogenesis was stimulated on the CAM with bFGF for 3 d in the presence of 

e then sorted out from a single cell suspension from six to ten pooled 
s from the sorted endothelial cells were subsequently analyzed by p53 or 


-avp3 or anti-01. Factor VHI-positive cells (endothelial cells) w 
;r as described in Methods. Nuclear ex 


TOTAL CAM 


bFGF 

RGDfV 

RADfV 


p21WAF1 


SORTED ENDOTHELIAL CELLS 


bFGF + + 
RGDfV - + 
RADfV + 


p21WAF1 

bFGF 
LM 609 


activity, consistent with its inability to affect angiogenesis or 
apoptosis (2). The observed gel shifts for p53 and SP1 were 
abolished with excess unlabeled oligonucleotide (data not 
shown). These findings demonstrate that administration of 
av(33 antagonists in vivo promote apoptosis and p53 activity 
among angiogenic endothelial cells. 

Induction of apoptosis by p53 has been associated with its 
ability to promote transcription of genes that influence cell cy- 
cle progression. For example, p53 is known to induce expres- 
sion of p21 WAF1/CIP1 , which binds to and inactivates cyclin/Cdk 
complexes and the proliferating cell nuclear antigen, thereby 
arresting cells in Gl (22-24). In fact, it was recently shown that 
overexpression of p21 WAF1/CIP1 promoted apoptosis of prolifer- 
ating mammary epithelial cells in vitro, demonstrating a direct 
role for p 21 WAFl ' CIP1 in the apoptosis of proliferative cells (12). 

To evaluate whether the induction of p53 activity was asso- 
ciated with increased expression of p21 WAF1/CIP1 , embryos un- 


Figure 2. Regulation of p21 WAF " CIPI during bFGF-induced angiogen- 
esis. Angiogenesis was stimulated on the CAM with bFGF for 3 d in 
the presence of anti-otv|33 antibodies, avp3 antagonist cyclic peptide 
RGDfV, anti-pl antibodies or control cyclic peptide RADfV. Ly- 
sates from six to ten pooled CAMs (15 u.g protein) (top) or endothe- 
lial cells derived from these CAMs by FACS sorting (8 n-g protein) 
(bottom) were analyzed for p 21 WA ™ cn>1 protein levels by Western blot- 
ting as described in Methods. 
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dergoing angiogenesis in response to bFGF were injected with 
antagonists of avp3. As shown in Fig. 2, administration of anti- 
body or cyclic peptide antagonists of av(33 during angiogenesis 
caused a marked increase in p21 WAF1/CIP1 protein expression as- 
sociated with CAM endothelial cells (Fig. 2). These findings 
suggest that during bFGF-induced angiogenesis in vivo, prolif- 
erating endothelial cells depend on a distinct integrin-mediated 
survival signal associated with inhibition of p53 activity and de- 
creased expression of the cell cycle suppressor p21 WAF1/c " > '. 

To examine whether ligation of ctv|33 is sufficient to sup- 
press p53 activity, human umbilical vein endothelial cells were 
plated in serum-free conditions on a substrate consisting of im- 
mobilized antiintegrin antibodies. When these antibodies are 
immobilized on a substrate, they are able to mediate integrin 
clustering at sites of focal adhesion, thereby acting as agonists, 
as previously described (25). This is opposed to the function of 
the same antibodies when used in solution or in soluble form 
in vivo, where they function as antagonists, blocking the inte- 
grin function (2, 3). As shown in Fig. 3, endothelial cells attach 
and spread on immobilized anti-avp3 or anti-pi, and attach 
yet fail to spread on anti-avp5. We then examined nuclear ex- 
tracts of these adherent endothelial cells for p53 DN A binding 
activity. As expected, there was little if any detectable p53 ac- 
tivity among adherent, proliferative cells maintained in serum 
containing growth medium (data not shown). However, when 
cells were plated on the nonadhesive substrate BSA under se- 
rum-free conditions, p53 activity was induced (Fig. 4 A) consis- 
tent with the induction of apoptosis among nonadherent cells 
(26-30). Interestingly, p53 activity was also induced in cells at- 
tached to either immobilized anti-pi or anti-avp5 (Fig. 4 A). 
In contrast, cells attached to immobilized anti-av|33 showed 
negligible p53 activity, suggesting this particular adhesion 


event suppressed p53 activity. These results support the in vivo 
findings that integrin av(33 ligation specifically influences the 
functional activity of p53. Importantly, regulation of p53 was 
independent of cell shape and actin assembly since immobi- 
lized anti-pi caused cell spreading yet failed to influence p53 
activity. Once again, the specificity of the p53 gel shift was 
shown by the failure of a mutant oligonucleotide to induce a 
shift (data not shown), inhibition with excess unlabeled oligo- 
nucleotide, and the fact that SP1 -binding activity was identical 
on all substrates (Fig. 4 A). In addition, the p53 activity was 
identified in an antibody-mediated supershift assay (Fig. AB). 
Surprisingly, the observed change in p53 DNA binding activity 
could not be explained by an altered level of p53 protein in 
these cells since p53 protein levels remained constant under all 
adhesion conditions (Fig. 4 B). These findings demonstrate 
that ligation of endothelial cell av|33 is sufficient to inhibit p53 
activity without influencing its expression. Furthermore, in 
support of the in vivo findings, avp3 ligation promotes de- 
creased p21 WAF,/CIP1 levels in these cells, revealing the associa- 
tion between this cell cycle suppressor and the activity of p53 
during avfJ3-mediated adhesion of endothelial cells (Fig. 5). 
Thus, the ligation state of endothelial cell avp3 regulates p53 
activity and the expression of p21 WAF1 ' CIP1 both in vitro and in 
vivo, which may account for the role of av|33 in vascular cell 
survival (2). 

The role of p53 in promoting apoptosis has also been 
linked to its ability to repress transcription of bcl-2 while acti- 
vating that of bax (14-16). Bcl-2 is known to potentiate cell 
survival based on its ability to dimerize with the death-promot- 
ing molecule bax (31-32). Therefore, cell survival is favored by 
a high bcl-2/bax ratio. To examine the role of endothelial cell 
ctv|33 ligation on the bcl-2/bax ratio, cells were allowed to at- 
tach to immobilized antiintegrin antibodies as described 
above. While ctvp3 and pi integrin ligation caused increased 
bcl-2 expression relative to nonadherent cells, only avp3 pro- 
duced a concomitant decrease in bax expression, resulting in a 
sharp increase in the bcl-2/bax ratio (Fig. 6). These findings 
provide further support that ligation of endothelial cell avp3 
provides a distinct adhesion-dependent survival signal and 
supports our in vivo observations that antagonists of this inte- 
grin selectively promote endothelial cell apoptosis during an- 
giogenesis. Consistent with this hypothesis is the fact that ad- 
ministration of antibody or peptide antagonists of avp3 during 
chick CAM angiogenesis blocks bFGF-induced bcl-2 mRNA 
and protein expression on the CAM as measured by solution 
hybridization and Western blot analyses (Fig. 7). 

Discussion 

Integrin-mediated cell attachment regulates cell survival and 
proliferation in several cell types in vitro (2, 5, 6, 12, 26-30). 
Also, cell attachment to extracellular matrix proteins in vitro is 
capable of regulating the apoptosis-related genes interleukin- 
1-p-converting enzyme and bcl-2 (29, 30), as well as the cell cy- 
cle inhibitors p21 WAF1 ' CIP1 and p27 K,pl (33). However, in vivo 
cells typically use multiple integrins for attachment to a wide 
variety of adhesive proteins. Thus, it remains unclear as to how 
individual matrix proteins or integrin receptors impact the cell 
survival within the context of a physiologically relevant extra- 
cellular matrix. To this end, we observed that integrin avp3, 
whose expression is enhanced on angiogenic vascular cells, 
promotes a survival signal since antagonists of this integrin 
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Figure 4. Integrin regulation of endothelial cell p53 activity. (A) Nuclear extracts were prepared from HUVECs attached to immobilized mAbs 
LM 609 (anti-av03), P4C10 (anti-01), or PIF6 (anti-av(33) or maintained in suspension by BSA blocking for 4 h. Nuclear extracts were then 
used in p53 or SP1 EMSAs as described in Methods (left). HUVECs grown in serum-containing media were used as control. Extracts from HU- 
VECs denied attachment were incubated with the 32 P-labeled probe in the presence of 5- or 50-fold excess of unlabeled oligonucleotide (right). 
(B) (Top) Nuclear extract prepared from HUVECs that were prevented from adhering with heat-denatured BSA was analyzed in a super shift 
gel assay after preincubation in the presence or absence of anti-p53 mAb 421. (Bottom) Lysates (15 u.g) from HUVECs attached to various im- 
mobilized antiintegrin antibodies were analyzed for p53 protein levels by Western blot analysis as described in Methods. 

cause unscheduled apoptosis of newly forming blood vessels 
(2). This results in the disruption of ongoing angiogenesis or 
neovascularization in the quail embryo, chick CAM, rabbit 
eye, or human skin transplants on the SCID mouse (2-4, 34, 
35). In fact, this leads to either prevention of human tumor 
growth or regression of preexisting tumors in the chick CAM 
or in human skin transplanted on SCID-mice (2, 4). 

Integrin avf}3 can recognize several extracellular matrix 
proteins, including vitronectin, fibronectin, osteopontin, von 
Willebrand factor, fibrinogen, and proteolyzed collagen (27, 
36, 37). At present, it remains unclear as to which of theavp3- 
directed ligand(s) promotes vascular cell survival during angio- 
genesis. However, recent work in our laboratory demonstrates 
that the matrix metalloproteinase-2 directly binds toav|33 and 
thereby associates with the surface of angiogenic vascular cells 
(38). Thus, matrix metalloproteinase-2 once bound to av(33, 


may serve to promote endothelial cell invasion while providing 
a survival factor, i.e., proteolyzed collagen which binds to 
otv|33, thereby facilitating angiogenesis. In support of this con- 
tention, ctvp3 recognition of proteolyzed collagen has been 
shown to promote survival of melanoma cells in vitro (27). 

Based on the fact that apoptosis was induced selectively in 
proliferating vascular cells upon treatment with antagonists to 
otv(33 (2), we hypothesized that ligation of avp3 during angio- 
genesis was required for normal cell cycle progression. We 
found that ligation of avp3 during angiogenesis suppresses the 
expression and/or activity of p53 and the p53-inducible cell cy- 
cle inhibitor p21 WAF1/CIP1 . Presence of either p53 or p 21 WAF1 ' CIP1 
in proliferating cells has been found to induce apoptosis (7-11, 
12). Thus, it appears that molecules that can promote cell cycle 
arrest cause apoptosis under other circumstances. The induc- 
tion of apoptosis during proliferation is presumably caused by 
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Figure 5. Integrin regulation of p 21 WAF1/CIPl in endothelial cells. HU- 
VECs were plated under serum free conditions on immobilized 
mAbs LM 609 (anti-av03), P4C10 (anti-pi), or PIF6 (anti-av£5) or 
were denied attachment on a BS A-coated surface for 4 h. Cells were 
then collected and lysates were analyzed for p 2l WAF1 ' CIP1 protein lev- 
els by Western blotting as described in Methods. 

incompatible molecular signals when stimulation of DNA syn- 
thesis occurs concurrent with growth arrest signals. 

Furthermore, antagonists of av(33 administered during an- 
giogenesis specifically prevented an increase in the bcl-2 levels, 
consistent with the role of p53 as a transcriptional repressor of 
bcl-2 (14, 15) and with the induction of vascular cell apoptosis. 
This is consistent with previous studies showing that lack of at- 
tachment to the extracellular matrix results in apoptosis of var- 
ious cell types (2, 12, 26-30, 39, 40). It has been suggested that 
this phenomenon is caused by the lack of attachment per se 
(28), but other studies, including data presented here, clearly 
point out that cell survival is mediated through distinct signals 
from specific integrins and in some cases also requires a three- 
dimensional matrix (2, 12, 27, 29, 30). However, various inte- 
grins can serve to promote cell survival. For example, distinct 
|31-integrins can mediate cell survival in mammary cells and 
Chinese hamster ovary cells in vitro, whereas otv|33 can mediate 
melanoma cell survival in three-dimensional collagen and sur- 
vival of proliferating vascular cells in vivo (2, 12, 27, 29, 30). 
The integrin required for cell survival and the integrin-depen- 
dent survival signals might thus be cell type and condition spe- 
cific. 

While the use of receptor antagonists in vivo can suggest 
receptor function, we performed experiments to directly ex- 
amine the effect of av|33 ligation on cultured human endothe- 
lial cells. In this case, antiintegrin antibodies were immobilized 
on a substrate facilitating their use as agonists of integrin func- 
tion, thereby promoting adhesion of cells via clustering of a 
given integrin. This approach has been successfully used to ex- 
amine integrin-specific signaling events in the absence of 
growth factors and other adhesion events, also demonstrating 
that distinct integrins mediate different signals (25, 41, 42). 

Inhibition of intercellular contact in a colon carcinoma cell 
line in vitro, mediated by an undefined otv integrin, induces re- 
localization of p53 to the nucleus (39). However, it is unclear if 
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Figure 6. Integrin-dependent regulation of endothelial cell bcl-2 and 
bax protein levels. HUVECs were plated under serum free conditions 
on immobilized mAbs LM 609 (anti-av|33), P4C10 (anti-pi), or PIF6 
(anti-avp3) or were denied attachment on a BSA-coated surface for 
4 h. Cells were then collected and lysates were analyzed for Bcl-2 and 
bax protein levels by Western blotting as described in Methods. The 
bcl-2 and bax protein levels analyzed as above were then quantified 
by densitometry. The bars represent the relative ratio based upon 
quantities of bcl-2 and bax as measured by densitometry analysis of 
autoradiographs and do not represent an absolute molar ratio. 


this translocation is associated with any change in p53 DNA 
binding activity. We here show that av(33-mediated endothe- 
lial cell adhesion selectively reduces p53 activity and p21 WAF1/ 
c,p ' levels, since attachment via anti-Bl integrins or otv(35 does 
not. Furthermore, the degree of cell spreading has been sug- 
gested as an important factor for endothelial cell survival (40). 
However, we demonstrate that attachment to either anti-otvf}3 
or anti-pi resulted in equivalent cell spreading, yet these sub- 
strates differed in their ability to regulate p53 activity and 
p21 wAFuciPi expression. Ligation of oiv|33 also resulted in a 
sharp increase in the bcl-2/bax ratio, consistent with the role of 
p53 as a transcriptional repressor of bcl-2 and an activator of 
bax (14-16). Based on the fact that bcl-2 potentiates cell sur- 
vival by forming heterodimers with the death promoting mole- 
cule bax (31, 32), the increased bcl-2/bax ratio is expected to 
directly promote endothelial cell survival. 

These studies provide a mechanism explaining how antago- 
nists of av|33 can block angiogenesis and thereby cause regres- 
sion of human tumor growth (2, 4). Experiments reported here 
demonstrate that ctv(}3 ligation induces a distinct endothelial 
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cell survival signal in vitro and in vivo. Importantly, during 
bFGF- and tumor-induced angiogenesis, antagonists of this in- 
tegral block angiogenesis by promoting unscheduled apoptosis 
of newly growing blood vessels. Our findings provide a link be- 
tween ctv|33 ligation, p53 activity, expression of the cell cycle 
inhibitor p21 WAF1/CIP1 , and vascular cell survival. Thus, during 
angiogenesis, ligation of endothelial cell av|33 is required for 
the suppression of apoptosis and of conflicting growth arrest 
signals, thereby facilitating the proliferation and maturation of 
new blood vessels. 
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a v -Integrin antagonists block neovascularization in 
various species, whereas 20% of a v -integrin null mice 
are born with many normal looking blood vessels. Given 
that blockade of a v -integrins during angiogenesis in- 
duces p53 activity, we utilized p53 null mice to elucidate 
whether loss of p53 can compensate for a v -integrin func- 
tion in neovascularization of the retina. Murine retinal 
vascularization was inhibited by systemic administra- 
tion of an Oy-integrin antagonist. In contrast, mice lack- 
ing p53 were refractory to this treatment, indicating 
that neovascularization in normal mice depends on <* v - 
integrin-mediated suppression of p53. Blockade of a v - 
integrins during neovascularization resulted in an in- 
duction of p21 CIP1 in wild type and, surprisingly, in p53 
null retinas, indicating that « v -integrin ligation regu- 
lates p21 CIP1 levels in a p53-independent manner. In 
conclusion, we demonstrate for the first time an in vivo 
intracellular mechanism for compensation of integrin 
function and that p53 and a v -integrins act in concert 
during retinal neovascularization. 


We previously found that integrin a v [} 3 is preferentially 
expressed on newly forming blood vessels and is functionally 
involved in controlling angiogenesis stimulated by basic 
fibroblast growth factor or tumor necrosis factor-a, whereas 
another a v -integrin, a v |3 5 , is functional in vessel formation in- 
duced by vascular endothelial growth factor or transforming 
growth factor-a (1, 2). Importantly, antagonists of a v -integrins 
block neovascularization in various animal models with or 
without exogenous angiogenic stimulation, including chick 
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chorioallantois, in mouse retina, and in human skin trans- 
plants in SCID mice, causing apoptosis of proliferating, angio- 
genic vascular cells (3-8). This suggests that during vessel 
formation, a v -integrins promote signaling events ultimately 
promoting vascular cell survival, thereby facilitating neovas- 
cularization. However, whereas 80% of a v -integrin null mice 
die in mid-gestation, 20% of these mice survive until 1 day after 
birth (9). Similarly, combinatorial gene knockout of integrin B s 
and j3 5 subunits in mice results in enhanced angiogenesis 
under certain conditions (10). This indicates either that mice 
lacking integrins a v /3 3 and a v/ 3 5 could compensate for the func- 
tion of a v -integrins in blood vessel formation or that a function 
of vascular a v -integrins, once expressed but blocked or unliga- 
ted, is to inhibit neovascularization. However, at present it is 
not known whether possible compensatory or redundant 
mechanisms can mediate blood vessel formation in the absence 
of functional a v -mtegrins. 

EXPERIMENTAL PROCEDURES 
p53 mice (11) were used to set up p53 "~ X p53~'~ breeding pairs. 
Littermates from such matings were used in the neovascularization 
assay, and genomic DNA from mouse tails was genotyped for p53 by a 
3-primer assay as described previously (12). Newborn mice were in- 
jected subcutaneously twice daily, starting within 8 h after birth with 
40 \x% of cyclo-RGDlV {a v antagonist peptide 66203) or cyclo-RADfV 
(control peptide 69601) (lowercase denotes u-amino acids) dissolved in 
phosphate-buffered saline, pH 7.4. The cyclo-RGDfV peptide binds spe- 
cifically with high affinity 1 ntegrins and blocks their 
function both in vitro and in vivo, whereas the cyclo-RADfV peptide is 
non-functional (3, 7, 8, 13). After 2-3 days, the eye globes were taken 
out, fixed in cold methanol for 10 min followed by 6 min in 4% paraform- 
aldehyde in phosphate-buffered saline, pH 7.4, dissected, stained for 
collagen type IV, and photographed as previously described (7). The 
distance from the head of the optic nerve to the edge of the retinal 
vasculature at 6-8 different representative points was measured for 
each retina on the photographs, and the mean vascular radius was 
calculated. The mean vascular area between the two retinas in each 
animal was then calculated, assuming a circular shape of the vascula- 
ture. Without treatment, no difference in vascular areas was observed 
between p53 heterozygous and p53 null mice, and therefore, to stand- 
ardize and compare the results from different litters, the mean retinal 
vascular area in p53 null mice in each litter was considered to represent 
a fully developed vasculature. All p53 genotyping and measurements of 
the retinal vasculature were performed in a double-blind fashion to 
avoid any bias. For measurements of wild type retinas, the mean 
vascular area of control treated retinas was considered as fully devel- 
oped and compared with anti-ct v -treated retinas within the same litters. 
For Western blot analysis, retinas were fixed only in cold methanol and 
dissected. Retinas were then lysed in a modified radioimmune precip- 
itation buffer and analyzed by Western blot as previously described (5) 
using 1 Mg/ml anti-p21CIPl WAF " 1/0IP " 1 polyclonal antibodies (ab-5, On- 
cogene, Cambridge, MA), anti-« v cytoplasmic tail polyclonal antibodies 


RESULTS 

Interestingly, inhibition of angiogenesis by blockade of a v - 
integrins is accompanied by an induction of endothelial cell p53 
activity (5). Based on this, we hypothesized that loss of p53 
might compensate for a v -integrin function during neovascular- 
ization. To examine this possibility, we analyzed p53 null mice, 
where the effect of a specific a v -integrin antagonist was studied 
on retinal neovascularization. Mouse retinal neovasculariza- 
tion occurs during the first days after birth, and therefore, 
newborn mice were treated with an a v -integrin antagonist as 
described (7). The retinal vasculature in wild type newborn 
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mice treated for 3 days with the ^-antagonist was significantly 
less developed than retinas from control treated mice (Table I). 
When accounting for the retinal vascular area already existing 
when the treatment started, the inhibition was close to 100%, 
in accordance with our previous observations after 4 days of 
treatment (7). Targeted p53 null males were then mated with 
p53 heterozygous females. This type of mating was not only 
necessary for sufficient embryonic survival but also allowed for 
a comparison of p53 null mice with heterozygous mice within 
the same litter in a double-blind fashion, including animals of 
exactly the same age receiving identical treatment. No differ- 
ence in retinal vascularization could be observed between p53 
null and heterozygous mice during the first 3 days (data not 
shown). In addition, no difference in degree of neovasculariza- 
tion between p53 null and heterozygous mice could be observed 
after control treatment (Fig. LB and Table I). This indicates 
that p53 does not influence normal vascularization of the ret- 
ina. We then treated entire litters of newborn mice of a mixed 
genotype (see above) with the a v -integrin antagonist. Interest- 
ingly, p53 heterozygous animals had a markedly less developed 
retinal vasculature compared with p53 null mice when treated 
with the a v -antagonist (Fig. 1 and Table I). Statistical analysis 

Table I 

Statistical evaluation of the effect on retinal vascular development by 
treatment with an a, r integrin antagonist 
Statistical evaluation of measured retinal vascular areas. For p53 ' /_ 
and p53~'~, given p values represent statistical significance for the 
indicated groups compared to identically treated homozygous (p53 ""' ") 
mice according to an unpaired two-tail J-test using Microsoft Excel 
software. For wild type (wt) mice, the given p value represents statis- 
tical significance for treated versus control -treated retinas within the 
same litters, analyzed by an unpaired 
genotyping were performed in a double-blind fashion. 



53 genoty 


n p ( valu ^ 

Control peptide 

-/- 

0 ± 28 

9 


+/- 

-5 ± 27 

13 0.68 

a v antagonist 

-/- 

0 ± 14 

14 5.7 X 10" 7 

peptide 

+/- 

34 ± 15 

17 

Control peptide 


0 ± 7.4 

8 

ct v antagonist 


42 ± 9.4 



of measurements performed on the vascular area of these ret- 
inas revealed that the vascular development in anti-a v -treated 
p53 heterozygous was suppressed, a suppression that was 
found to be statistically significant (p = 5.7 x 10~ 7 ) when 
compared with p53 null animals in the same litters receiving 
identical treatment (Table I). This result closely resembled the 
difference seen between retinas from antagonist versus control 
treated wild type mice (Table I). Taken together, these findings 
indicate that although p53 expression does not influence nor- 
mal neovascularization, loss of p53 compensates for the func- 
tion of a v -integrins in neovascularization. 

A possible explanation for the lack of response to the a v - 
integrin antagonist in p53 null mice could be deficient retinal 
integrin a v expression. To test this possibility, retinal lysates 
were analyzed for a v protein levels by Western blot analysis. As 
shown in Fig. 2A, w v -integrin levels in p53 null retinas do not 
differ from that in p53 heterozygous mice. Another possibility 
for a lack of response to the a v antagonist in p53 null mice could 
be that cells lacking p53 are insensitive to this treatment 
because of alterations in a v -integrin function at the cell surface. 
To examine this possibility, we examined a v -integrin function 
of mouse embryonic fibroblasts lacking p53, including their 
responsiveness to the a v -mtegrin antagonist and compared 
them to mouse fibroblasts expressing p53. As shown in Fig. 2B, 
the responsiveness to the antagonist in inhibiting ^-depend- 
ent attachment to vitronectin was virtually identical in p53 
null fibroblasts and the mouse fibroblast cell line NIH 3T3, 
demonstrating that lack of p53 does not cause a general insen- 
sitivity to re v -integrin antagonists. These findings reveal that 
loss of p53 does not affect expression levels or general function 
of a v -integrins. Instead, we conclude that intracellular events 
involving p53 mediate the inhibition of neovascularization by 
o^, antagonists, events that may be related to the activation of 
endothelial cell p53 that we previously observed, upon (.^-inte- 
grin blockage during angiogenesis (5). 

p53 is a known activator of the cell cycle suppressor p21 CIP1 . 
In fact, in addition to regulating p53, ligation of integrin a v /3 3 in 
endothelial cells also suppresses p21 clpi protein levels during 
angiogenesis (5). In UV-irradiated fibroblasts, p53 exerts its 
functional effect on cell cycle arrest by transcriptional activa- 
tion of the Cdk inhibitor p21 CIP1 (14). As shown in Fig. 2C, 



Treatment: Control anti- aV 

Fig. 1. Retinal neovascularization in genetically targeted p53 null mice is refractory to systemic treatment with an integrin a v 
antagonist. Newborn mice were injected subcutaneously twice daily with an integrin u„ antagonistic or control cyclic peptides for 2-3 days. 
Retinas were dissected, stained for collagen type IV (vessel basement membrane), mounted flat, and photographed (10X) as described under 
"Experimental Procedures." A, representative retinas from newborn mice of a mating between a p53 null male and a p53 heterozygous female, 
where the entire litter was treated for 2Vz days with the u v antagonist. Size bar is 150 )xm. B, measurements of development of the retinal 
vasculature of 4-5 litters per group were standardized for comparison as described under "Experimental Procedures" and plotted as % undeveloped 
vasculature. Each point represent the mean retinal vascular area in one mouse calculated as a mean between the two retinas in each animal. 
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^~j^(o.g.VEGF,bFGF) 



Fig. 2. Retinal a v -integrin expression levels, sensitivity to an 
<* v antagonist, and regulation in the retina of p21 CIP1 by the a^, 
antagonist are independent of p53. A, retinas isolated and pooled 
from three to four p53*'~ and p53"'~ mice, respectively, were subjected 
to Western blot analysis for integrin a v protein expression levels using 
actin levels as control. B, p53"'" (filled squares) and N1H3T3 (p53'" ) 
(open circles) mouse fibroblasts were analyzed for their sensitivity to 
the integrin a„ antagonist used in the in vivo experiments, here assayed 
as cell adhesive capacity to vitronectin described previously (23) allow- 
ing cells to adhere for 10-15 min. The values are expressed as percent 
of cell adhesion in the absence of inhibitor and represent mean values 
between three distinct experiments at each concentration of the tr v 
antagonist, which in turn was analyzed in triplicate within each exper- 
iment. C, retinas isolated and pooled from three to four wild type, 
p53 or p53~'~ mice, treated with or without <i v antagonist, respec- 
tively, were subjected to Western blot analysis for p21 CIri protein 
levels. Presence or absence of full neovascularization in the respective 
retinas are indicated as + or -. 

blockade of a v -integrin during neovascularization induces 
p21 CIP1 levels in wild type and in p53 heterozygous retinas. 
Surprisingly, whereas untreated p53 null mice display no de- 
tectable p21 CIP1 , the numeric increase in p21 CIP1 levels by 
anti-a v treatment of these mice is similar to what is observed in 
wild type mice, resulting in a higher relative increase. This 
indicates that the regulation of p21 CIP1 by integrin a v during 
neovascularization is independent of p53. Furthermore, the 
fact that p21 CIP1 is induced in p53 null retinas upon blockade 
of a v -integrins while neovascularization is still active suggests 
that this induction of p21 clpi is not sufficient to block neovas- 
cularization, although we cannot exclude that the somewhat 
higher total levels of p21 CIP1 in heterozygous animals might 
contribute to this blockade. 

DISCUSSION 

Studies using targeted gene knockout mice have in some 
cases revealed surprising results in that expected phenotypes 
were not found. This is particularly surprising for molecules 
found to play a role in certain in vivo events by previous loss of 
function studies, including for integrin ce v and the capacity for 
at least 20% of a v -integrin null mice to form blood vessels (9) 
and for the capacity of integrin J8 3 and j3 5 subunit combinatorial 
gene knockouts to support enhanced pathological angiogenesis 
(10). In some cases, combinatorial knockout of two or three 



Fig. 3. Hypothetical model for role of p53 in compensating for 
u v -integrin function during blood vessel formation. In neovascu- 
larization of wild type animals (left), <* v 0 3 -and/or cr v 0 5 -integrins are 
activated (1, 2). The cvintegrins are then allowed to ligate to their 
provisional matrix, a ligation that is necessary to keep endothelial cell 
p53 inactive and cells surviving (vascularization is facilitated (3, 5)). 
When « v -integrins are blocked in wild type animals (middle) and 
thereby prevented from forming clustti ndothelial eel \ 
indui ed. md tht \ isculai cells undergo apoptosis le iding to a block of 
blood vessel formation (5). However, when p53 is absent during vascu- 
larization, inhibition of a v -integrins does not affect the formation of 
viable vessels (right). Taken together, this suggests that p53 and a v - 
integrins are linked into the same pathway in the control of blood vessel 
formation. VEGF, vascular endothelial growth factor; bFGF, basic fi- 
broblast growth factor; ECU, extracellular matrix. 


related genes has demonstrated compensatory mechanisms by 
displaying phenotypes missing in single gene knockout mice. 
However, it is unclear as to how the functions of a v -integrins 
can be compensated for. To this end, although it does not 
represent the only possible mechanism of a v -integrin compen- 
sation, our finding that p53 null mice form blood vessels in the 
absence of functional cv v -integrins that are critical in wild type 
mice reveals the first in vivo example of an intracellular mech- 
anism that is able to compensate for loss of integrin function. 

Alternatively, the function of a v -integrins in neovasculi 
tion in wild type animals may be to negatively regulate and 
balance vessel formation in an unfavorable extracellular 
trix environment in order to prevent angiogenesis in inappro- 
priate locations. Such a function of a v -integrins would th< 
lead to enhanced angiogenesis when « v j3 3 is lacking as su 
gested by Reynolds el al. (10). In support of this model, 
caspase-8 was activated at the cell surface in other cell types by 
unligated integrin a v j8 3 , thereby causing apoptosis (15). This 
mechanism might be related to p53, because caspase-8 plays a 
role in certain p53-induced apoptosis (16). Nevertheless, in 
both alternative models for the function of a v -integrins, our 
results suggest that p53 may mediate a v -integrin regulation of 
cell survival during neovascularization. 

Neovascularization is a critical component of tumor growth, 
where a tumor is unable to grow beyond a minimal size without 
new blood vessels (17). In fact, we previously observed that 
ov-integrin antagonists could block the growth of human tu- 
mors in animal models (3, 4). In addition, uncontrolled ocular 
neovascularization is a major cause of blindness in various 
ocular diseases, including diabetic retinopathy, presumed ocu- 
lar histoplasmosis syndrome, and age-related macular degen- 
eration. Integrins ur v 0 3 and c*J3 5 may be involved in the regu- 
lation of neovascularization of these diseases as systemic 
treatment with « v -integrin antagonists block retinal neovascu- 
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larization (7, 8). This suggests that ct v -integrin antagonists 
constitute a potential therapy for ocular diseases and cancer. 
Our findings indicate that the molecular mechanism for this 
potential anti-angiogenic treatment actively involves p53, sim- 
ilar to what was recently indicated for angiostatin and TNP- 
470 (18-20). 

We were unable to detect apoptosis in the retinal vasculature 
because of an obscuring background with a large number of 
apoptotic cells in the whole mounts of developing retinas with 
no apparent differences between the groups (data not shown). 
However, previous studies in other models clearly demonstrate 
that blocking of i* v -integrins during neovascularization leads to 
vascular cell apoptosis (3, 5). This suggests that the inhibition 
of vessel formation by a v antagonists may be caused by induc- 
tion of apoptosis of the forming vascular cells, and the fact that 
vascular formation in p53 null mice is refractory to a v antago- 
nist treatment suggests that these vessels do not undergo apo- 
ptosis (Fig. 3). Whereas p53 may mediate e« v -integrin-regulated 
apoptosis in vascular cells, induction of p53 by loss of integrin 
ligation does not constitute a generic mechanism for regulation 
of cell survival in all cells and by all integrins. For example, 
ligation of integrin a 3 $ x in an in vitro model of mammary 
epithelial cells lead to apoptosis only in the absence of func- 
tional p53 (21), a mechanism that appears to be the opposite of 
our findings on vascular cell integrin cv v 0 3 and p53 during 
neovascularization. In future studies, it will be interesting to 
elucidate whether downstream integrin signaling pathways 
such as activation of ERKs 1 might be involved in the regulation 
of p53, because ERK1/2 signaling was identified as another 
critical o^-integrin-mediated event during angiogenesis (22). In 
addition, it remains to be elucidated whether the p53-mediated 
response to a v antagonist treatment in vascular cells is func- 
tionally related to activation of caspase-8 by unligated a v 0 3 
(15). 

In conclusion, we demonstrate that loss of p53 compensates 
for the function of « v -integrins in retinal neovascularization, 
possibly by interfering with a v -integrin regulation of vascular 
cell apoptosis. This indicates a critical function for or v -integrin 


1 The abbreviation used is: ERK, extracellular signal-regulated 


ligation during neovascularization in suppressing p53 and that 
p53 constitutes an important part of the control of neo- 
vascularization. 
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The tumor suppressor p53 inhibits tumor growth primarily through its ability to induce apopto- 
sis. Mutations in p53 occur in at least 50% of human tumors. We hypothesized that reactivation 
of mutant p53 in such tumors should trigger massive apoptosis and eliminate the tumor cells. To 
test this, we screened a library of low-molecular-weight compounds in order to identify com- 
pounds that can restore wild-type function to mutant p53. We found one compound capable of 
inducing apoptosis in human tumor cells through restoration of the transcriptional transactiva- 
tion function to mutant p53. This molecule, named PRIMA-1, restored sequence-specific DNA 
binding and the active conformation to mutant p53 proteins in vitro and in living cells. PRIMA-1 
rescued both DNA contact and structural p53 mutants. In vivo studies in mice revealed an anti- 
tumor effect with no apparent toxicity. This molecule may serve as a lead compound for the de- 
velopment of anticancer drugs targeting mutant p53. 


The tumor suppressor p53 triggers cell-cycle arrest and apopto- 
sis in response to diverse stress stimuli, including DNA dam- 
age, oncogene activation and hypoxia'" 4 . At least 50% of 
human tumors carry mutant p53 (ref. 5). The fact that the spe- 
cific DNA binding function of p53 is disrupted in most tumor- 
derived p53 mutants indicates that this function is critical for 
p53-mediated tumor suppression. p53-dependent apoptosis 
seems to have a major role for the efficacy of cancer 
chemotherapy", and tumors carrying mutant p53 are often 
more resistant to chemotherapy than tumors carrying wild- 
type p53 (ref. 7). 

Tumor cells are likely to be particularly sensitive to p53 reac- 
tivation. First, tumor cells are sensitized to apoptosis due to 
oncogene activation 8 . Second, mutant p53 proteins tend to ac- 
cumulate at high levels in tumor cells, mainly due to failure of 
mutant p53 to transactivate mouse double minute-2 (MDM2) 
whose product induces p53 degradation. Therefore, reactiva- 
tion of abundant mutant p53 may trigger a massive apoptotic 
response in tumor cells, whereas normal cells that express 
minute levels of p53 should not be affected. 

Various strategies have been designed to restore function to 
mutant p53 (ref. 9). The introduction of second-site suppres- 
sor mutations can at least partially restore specific DNA bind- 
ing and/or stabilize the folding of the protein 10 " 12 . Synthetic 
peptides derived from the p53 C-terminus can restore the spe- 
cific DNA binding and transactivation function to mutant p53 
and induce p53-dependent apoptosis in tumor cells 13 " 15 . We 
sought to identify small molecules with similar activity by 
screening of a chemical library, and present here a novel com- 
pound, PRIMA-1, that can restore sequence-specific DNA- 
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binding, wild-type conformation and transcriptional transac- 
tivation to mutant p53. PRIMA-1 induced apoptosis in human 
tumor cells in a p53-dependent manner and suppressed the 
growth of human tumor xenografts carrying mutant p53. 

Identification of PRIMA-1 

To identify compounds that could suppress the growth of 
human tumor cells in a mutant p53-dependent manner, we es- 
tablished an assay based on Saos-2-His-273 cells carrying tetra- 
cycline-regulated mutant p53 (Tet-Off). We treated cells with 
25 nM of compounds in the presence or absence of doxycycline 
and monitored cell growth using the WST-1 proliferation 
reagent. We identified one compound that suppressed the 
growth of Saos-2-His-273 cells in a mutant p53-dependent 
manner (Fig. la). This compound, 2,2-bis(hydroxymethyl)-l- 
azabicyclo[2,2,2]octan-3-one, was designated PRIMA-1 (pS3 re- 
activation and induction of massive apoptosis) (Fig. lb). In 
subsequent experiments, we showed that PRIMA-1 could in- 
hibit growth of several other human tumor-cell lines carrying 
tetracycline-regulated mutant p53, including SKOV-His-175, 
SKOV-His-273 and H1299-His-175 (Fig. lc). As the effective 
concentration of PRIMA-1 is proportional to the number of 
treated cells, we used different concentrations in the assays de- 
scribed below. 

We next analyzed the response to PRIMA-1 of a panel of 
human tumor-cell lines with different p53 status (p53-null, 
wild-type p53 and mutant p53), representing various tumor 
types including colon, lung, ovarian and renal carcinoma, and 
Burkitt lymphoma (see Supplementary Table A on the supple- 
mentary information page of Nature Medicine online). The 
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Fig. 1 Identification and properties of PRIMA-1 . a, PRIMA-1 induced mu- 
tant p53-dependent growth suppression of Saos-2-His-273 cells. Cell 
growth was assessed using the WST-1 proliferation reagent. D,*doxycy- 
cline; ■, "doxycycline. b, Structural formula of PRIMA-1 (2,2-bis(hydroxy- 
methyl)-1-azabicyclo[2,2,2]octan-3-one). c, PRIMA-1 induced mutant 
p53-dependent growth suppression in cell lines with doxycycline-regu- 
lated expression of mutant p53. Cell growth was assessed using WST-1 . □, 
*doxycycline; ■, "doxycycline. Data represent mean ± s.e. (r? = 2). 
d, Growth curves of PRIMA-1 -treated p53 null Saos-2 (left) and Saos-2-His- 
273 (right) cells. ■, control; •, PRIMA-1 (20 uM). Data represent mean ± 
s.e. (n=3). 


Days after treatment 


growth suppression effect of different concentrations of 
PRIMA-1 was assessed using the WST-1 proliferation reagent 
and compared with that of two anticancer drugs, S-fluorouracil 
(S-FU) and doxorubicin. The IC, 0 (concentration of a drug that 
causes 50% growth inhibition) values for PRIMA-1 varied de- 
pending on tumor type. However, comparison between lines of 
a given tumor type showed that the effect of PRIMA-1 was de- 
pendent on mutant p53. In contrast, 5-FU inhibited growth 
more efficiently in tumor cells carrying wild-type p53 (ref. 18). 
The effect of doxorubicin was independent of p53 status. 
Notably, PRIMA-1 had no significant growth-inhibitory effect 
on non-transformed diploid human fibroblasts. 

Analysis of the growth of treated p53 null Saos-2 and Saos-2- 
His-273 cells over five days showed that PRIMA-1 completely 
inhibited growth of cells expressing mutant p53, but only 
caused a minor reduction in growth rate in the absence of mu- 
tant pS3 expression (Fig. Id). 

Restoration of p53-dependent apoptosis 

We used FACS and TdT-mediated dUTP nick-end labeling 
(TUNEL) analyses to determine whether PRIMA-1 -induced 
growth suppression was due to induction of apoptosis. 
Treatment with 125 u.M PRIMA-1 for 48 hours caused a sub- 
stantial increase in the fraction of cells with a sub-Gl DNA 
content in the presence of mutant p53 (Fig. 2a and b), indicat- 
ing DNA fragmentation and cell death. TUNEL staining of 
PRIMA-1 -treated Saos-2-His-273-cells revealed TUNEL-positive 
nuclei, indicating cell death by apoptosis (Fig. 2c). Moreover, 
pretreatment with the caspase inhibitor Z-DEVD-FMK reduced 
PRIMA-l-induced cell death 3-fold and the caspase inhibitor 
BOC-D-FMK completely abolished PRIMA-l-induced cell 
death, strongly suggesting that PRIMA-1 triggers cell death by 
apoptosis. 

Restoration of wild-type p53 conformation and DNA binding 

We next investigated whether PRIMA-1 can restore the proper 
folding of p53, using the conformation-specific monoclonal 
antibodies PAbl620 and PAb240 in an ELISA. After incubation 
of recombinant Glutathione-S-Transferase (GST)-wild type p53 
protein with PRIMA-1, we observed a 34% increase in the 
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PAbl620-positive fraction accompanied by a 10% decrease in 
the PAb240-positive fraction (Fig. 3a). Moreover, PRIMA-1 pre- 
served the PAbl620 epitope in the recombinant wild-type and 
His-175 mutant p53 proteins during incubation at 37 °C for 30 
minutes (Fig. 3b). Importantly, our results demonstrated that 
PRIMA-1 prevented unfolding of p53 proteins as measured by 
the appearance of the PAb240 epitope upon heating at 37 °C. 
The non-conformational DO-1 epitope in the N-terminus of 
p53 remained unchanged during PRIMA-1 treatment. 

Furthermore, we observed a 46% increase in the PAbl620- 
positive p53 fraction in lysates from SKOV-His-175 cells 
treated with 150 uM of PRIMA-1 (data not shown). PRIMA-1 
treatment of the same cells also caused the appearance of 
PAbl620-positive immunostaining (Fig. 3c). These results 
demonstrate that PRIMA-1 can restore the wild-type confor- 
mation to mutant p53 both in vitro and in living cells. 
Notably, PRIMA-1 treatment of SKOV-His-175 cells resulted in 
a decrease in total p53 levels according to staining with poly- 
clonal anti-p53 antibodies. 

We investigated whether PRIMA-1 could modulate the spe- 
cific DNA binding of wild-type and mutant p53 proteins. 
Increasing concentrations of PRIMA-1 were capable of pre- 
serving the specific DNA binding of recombinant GST-wild- 
type p53 during incubation of the protein at 37 "C in a 
bandshift assay (Fig. 4a). PRIMA-1 also reactivated the se- 
quence-specific DNA binding of endogenous His-175 mutant 
p53 protein in a CW678-cell extract (Fig. 4b). Likewise, the 
sequence-specific DNA binding of endogenous Trp-282 mu- 
tant p53 in BL-60 cells was rescued by PRIMA-1 (Fig. 4c). The 
monoclonal antibodies PAb421 and PAbl801 were added to 
supershift p53-DNA complexes. Neither antibody alone 
caused any stimulation of specific DNA binding of mutant 
p53. The position of the wild-type p53-DNA-PAb421 com- 
plex is shown in Fig. 4i> (lane 7). 

We further tested the ability of PRIMA-1 to restore the spe- 
cific DNA binding of a broad series of p53 mutants using cell 
extracts of human tumor-cell lines as the source of p53. 
PRIMA-1 restored the specific DNA binding to 13 of 14 p53 mu- 
tants tested in bandshift assays (Supplementary Table B). The 
only exception was the Phe-176 p53 mutant from KRC/Y cells. 
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Fig. 2 PRIMA-1 induces cell death by apoptosis. o, FACS profiles of control 
(top) and PRIMA-1 -treated (bottom) Saos-2 (p53-null; left) and Saos-2-His- 
273 (His-273 mutant p53; right) cells, b, Cell death induced by different con- 
centrations of PRIMA-1 is mutant p53-dependent as shown by FACS analysis. 
H, 50 \xM; II, 75 iiM; □, 125 urn. c, TUNEL (left) and Hoeschst (right) stain- 
ing of control (top) and PRIMA-1 -treated (bottom) Saos-2-His-273 cells. 


Notably, KRC/Y cells were resistant to PRIMA-l-induced 
growth suppression (Supplementary Table A). 

Transcriptional transactivation restored to mutant p53 

We addressed the question whether PRIMA-1 could also restore 
the transcriptional transactivation function to mutant p53 in 
living cells. Treatment of A431 cells that carry endogenous His- 
273 mutant p53 and a stably transfected p53-responsive LacZ 
reporter with 50 u.M PRIMA-1 for 20 hours resulted in the ap- 
pearance of LacZ-positive cells whereas untreated cells were 
LacZ-negative (Fig. 5a). A strong induction of a p53-responsive 
enhanced green fluroscent protein (EGFP) reporter was seen in 
SKOV-His-175 cells expressing mutant p53 after treatment 
with PRIMA-1 for 24 hours (Fig. Sb). In contrast, PRIMA-1- 
treated SKOV-His-175 cells grown in the presence of doxycy- 
cline (p53 off) did not express detectable levels of EGFP. 

PRIMA-1 induced the expression of two endogenous p53 tar- 
get genes, p21 and MDM2, in H1299-His-175 cells expressing 
mutant p53 and in SW480 colon carcinoma cells expressing 
endogenous His-273 mutant p53 (Fig. 5c and e). PRIMA-1 did 
not cause any induction of MDM2 nor p21 in the absence of 
mutant p53 expression (Fig. 5d). PRIMA-1 did not induce 
MDM2 nor p21 expression in HCT116 colon carcinoma cells 
that express wild-type p53 (Fig. 5e). 5-FU did not affect p21 nor 
MDM2 levels in H1299-His-175 (Fig. 5f) and SW480 cells (data 
not shown). 

PRIMA-1 -induced apoptosis depends on p53 transactivation 

To further ascertain that PRIMA-1 exerts its effect through p53- 
mediated transcriptional transactivation and de novo protein 
synthesis, we tested the effect of cycloheximide on PRIMA-l-in- 
duced growth inhibition. Pretreatment of SKOV-His-175 cells 
with cycloheximide before addition of PRIMA-1 caused a four- 
fold increase in cell survival according to the WST-1 prolifera- 
tion assay. Moreover, SKOV cells carrying tetracycline-regulated 
His-175-22/23 mutant p53 that has an inactivated transactiva- 
tion domain were resistant to PRIMA-1 at a range of concentra- 
tions, in contrast to SKOV-His-175 cells (Fig. Sg). These results 
indicate that transcriptional transactivation by p53 is critical 
for PRIMA-l-induced cell death. 
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Antitumor activity of PRIMA-1 in vivo 

Intravenous (i.v.) injections of PRIMA-1 in mice did not cause 
any obvious changes in weight or behavior compared with un- 
treated animals. The average weight of mice treated with 
PRIMA-1 at the highest dose (100 mg/kg) was 20 g after 1 
month of observation, the same as that of control mice. To as- 
sess the effect of PRIMA-1 on human tumor xenografts, we in- 
oculated mice with Saos-2-His-273 cells expressing mutant 
p53. The animals received intratumor (20 mg/kg) or i.v. (20 or 
100 mg/kg) injections of PRIMA-1 twice a day for three days. 
In the control group, the average tumor volume after 59 days 
was 555.7 mm 3 . Mice that received i.v. injections of PRIMA-1 
at a dose of 100 mg/kg or 20 mg/kg had an average tumor vol- 
ume of 11.7 mm 3 and 53 mm 3 , respectively (Fig. 6a). 
Intratumor injections of 20 mg/kg of PRIMA-1 caused a de- 
crease in average tumor volume to 5.3 mm 3 . The differences in 
tumor volumes are statistically significant (P = 0.0026 for 
intratumor injection, P = 0.003 for i.v. injection). Thus, 
PRIMA-1 has in vivo antitumor activity in this animal tumor 
model. 

To assess in vivo reactivation of mutant p53, we examined 
whether PRIMA-1 could induce p53 target genes in human 
tumor xenografts. Treatment of SW480 tumor xenografts with 
PRIMA-1 resulted in induction of both MDM2 and p21 at 16 
hours post-treatment (Fig. 6b), in accordance with our in vitro 
results (Fig. 5e). 

We next compared the tumor suppressor effect of PRIMA-1 
in vivo in the presence or absence of mutant p53 expression 
using mice inoculated with Saos-2 and Saos-2-His-273 cells 
in the right and left flanks, respectively. We observed a signifi- 
cant decrease in the volumes of Saos-2-His-273 xenografts 
after PRIMA-1 treatment; the average tumor volume was 48 
mm 3 compared to 322 mm 3 in control mice. In contrast, 
Saos-2 xenografts were not significantly affected; average 
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Fig. 3 Effect of PRIMA-1 on the conformation of mutant p53 proteins, 
o, PRIMA-1 induced the wild-type p53-specific PAbl 620 (□) epitope in GST- 
wild-type pS3 protein incubated at 0 °C as detected by ELISA and slight de- 
crease in the PAb240 (■) epitope, b, PRIMA-1 prevented loss of the 
PAbl 620 epitope and gain of the PAb240 epitope upon heating of GST- 
wild-type p53 and GST-His-175 mutant p53. ■, untreated; □, PRIMA-1 
treated, c, PRIMA-1 (100 U.M) induced the wild-type p53-specific PAbl 620 
epitope in SKOV-His-1 75 cells as shown by PAbl 620 immunostaining. 


tumor volumes in the PRIMA-1 -treated and control mice were 
703 mm 3 and 981 mm', respectively (Fig. 6c). The differences in 
tumor volumes are statistically significant (P = 0.008 for Saos- 
2-His-273, P = 0.04 for Saos-2). Histological examination of 
tumor sections revealed induction of morphological changes 
in PRIMA-1 -treated Saos-2-His-273 xenografts, including 
tumor-cell depletion and absence of vascularization, whereas 
PRIMA-1 did not cause any significant morphological changes 
in Saos-2 xenografts (Fig. 6d). Thus, PRIMA-1 suppressed in vivo 
tumor growth in a mutant p53-dependent manner. 
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Discussion 

Our previous studies provided compelling evidence that the spe- 
cific DNA binding, transactivation and apoptosis-inducing func- 
tions of several mutant p53 proteins could be reactivated by a 
synthetic peptide derived from the p53 C-tenninal domain" 15 . 
These findings prompted us to search for even more potent p53 
reactivating molecules. We report here the identification of a 
small molecule, PRIMA-1, that can restore the tumor suppressor 
function to tumor-derived mutant p53 proteins. 

We identified PRIMA-1 by screening a chemical library for 
compounds that selectively inhibit the growth of tumor cells in 
the presence of mutant p53 expression. Our approach allowed 
identification of compounds that can target p53 in the context 
of multiple cellular proteins. Moreover, compounds were se- 
lected for their ability to rescue the growth suppressor function 
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Fig. 4 Effect of PRIMA-1 on the DNA binding of mutant p53 proteins, a, 
PRIMA-1 preserved the DNA binding activity of GST-wild-type p53 upon 
heating, b, PRIMA-1 restored DNA binding activity to His-1 75 mutant p53 
in a CW678 cell extract, c, PRIMA-1 restored DNA binding activity to Trp- 
282 mutant p53 in a BL60 cell extract. 
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Fig. 5 Restoration of transcriptional transactivation activity to mutant p53 
by PRIMA-1 . a, PRIMA-1 (right) but not control (left) induced the wild-type 
p53-responsive LacZ reporter in A431 cells carrying His-273 mutant p53. 
b, Mutant p53-dependent activation of the wild-type p53-responsive EGFP 
reporter in PRIMA-1 -treated SKOV-His-1 75 cells, c, Induction of p53 target 
genes in PRIMA-1 -treated HI 299-His-1 75 cells, d, Mutant p53-dependent 
induction of p53 target genes in H1299-His-175 cells, e, Induction of p53 
target genes in PRIMA-1 -treated SW480 colon carcinoma cells carrying en- 
dogenous His-273/Ser-309 mutant p53. PRIMA-1 did not induce the same 
p53 target genes in HCT-1 1 6 colon carcinoma cells carrying endogenous 
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wild-type p53. f, Treatment with 5-FU did not induce the p53 target genes 
p21 and MDM2 in H1299-His-1 75 cells. Protein levels were determined by 
western-blotting in c, d, e and f. g, Effect of PRIMA-1 on SKOV cells carrying 
the transcriptionally inactive His-1 75-22/23 mutant p53. ■, SKOV-His-1 75- 
22/23; □, SKOV-His-1 75. 


of p53 in living cells. Compounds with nonspecific toxic effects 
and compounds that do not enter cells should not score in the 
assay. This screening approach may lead to further identification 
of compounds that reactivate mutant pS3 through previously 
unknown mechanisms. 

We verified the ability of PRIMA-1 to induce apoptosis in a 
mutant pS3-dependent manner using a panel of cell lines with 
tetracycline-regulated expression of the most common pS3 mu- 
tant proteins, as well as tumor-cell lines of various origin carry- 
ing p53 deletion or different endogenous mutant pS3 proteins. 
The correlation between p53 status and the effect of PRIMA-1 
supports the conclusion that PRIMA-1 selectively suppresses 
tumor-cell growth by inducing apoptosis in cells expressing mu- 
tant p53. 

Our finding that PRIMA-1 can restore the DNA binding to 13 
of 14 p53 mutants tested in bandshift assays corroborates our 
growth suppression data and demonstrates that both structural 
and DNA contact mutants can be rescued. It is particularly note- 
worthy that PRIMA-1 can reactivate His-1 75 mutant p53, which 
has extensive structural defects". However, one mutant, Phe- 
176, was not reactivated by PRIMA-1. A probable explanation is 
that the substitution of Cys-176, one of the four Zn ligands, re- 
sults in loss of the Zn atom, which is crucial for shaping the 
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DNA-binding domain of p53 (ref. 19). It seems unlikely that this 
particular defect can be reversed. The observation that PRIMA-1 
did not inhibit growth of renal carcinoma KRC/Y cells carrying 
Phe-176 mutant pS3 supports the data from our bandshift as- 
says. 

We further confirmed the reactivation of DNA binding by 
PRIMA-1 in living cells using EGFP and LacZ reporter-based as- 
says with both endogenous and ectopically expressed mutant 
pS3. Moreover, PRIMA-1 induced the endogenous p53 target 
genes p21 and MDM2 exclusively in the presence of mutant p53 
expression. Interestingly, we noticed a reduction in the total lev- 
els of p53 protein and a cytoplasmic relocalization of pS3 24 h 
after treatment of cells with PRIMA-1, as shown by immunofluo- 
rescence staining and western-blotting (Fig. 3c and data not 
shown). This would be expected if PRIMA-l-mediated reactiva- 
tion of mutant p53 induces expression of MDM2 that targets 
p53 for degradation in the cytoplasm. However, the amount of 
mutant p53 reactivated by PRIMA-1 was apparently sufficient to 
trigger apoptosis before its degradation by MDM2. 

The 22/23 double mutation in the N-terminal transactivation 
domain abolishes transcriptional transactivation by wild-type 
p53 (ref. 20). We found that cells expressing His-1 75 mutant p53 
with the same double mutation were substantially less sensitive 
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Fig. 6 Tumor suppression by PRIMA-1. o, Antitumor activity of PRIMA- 1 in mice carrying 
Saos-2-His-273 tumor xenografts. ■, untreated; O, 20 mg/kg intratumor; A, 20 mg/kg i.v.; 
▼ , 100 mg/kg i.v. Data represent mean ± s.e. (n = 3). b, PRIMA-1 activated the p53 target 
genes p21 and MDM2 in SW480 tumor xenografts in vivo, c, PRIMA-1 has mutant p53-de- 
pendent antitumor activity in vivo. U, Saos-2; □, Saos-2-His-273. d, H&E staining of paraffin- 
embedded sections of PBS-treated (top) or PRIMA-1 -treated (bottom) tumor xenografts. 
Left, Saos-2; right, Saos-2-His-273. 



to PRIMA-l-induced growth suppression. In addition, pretreat- 
ment with cycloheximide abrogated PRIMA-1 -induced growth 
suppression, indicating the requirement for de novo protein syn- 
thesis. We therefore conclude that restoration of specific DNA 
binding and transcriptional transactivation function to mutant 
p53 is critical for induction of apoptosis by PRIMA-1. 

The molecular mechanism of mutant p53 reactivation is 
largely unknown. Structural studies of the mutant p53 core do- 
main predicted that Ser-245 mutant p53 is the most promising 
with regard to pharmacological rescue whereas globally dena- 
tured (3-sandwich and Zn-region mutants should be refractory to 
reactivation 21 . However, experimental data suggest that different 
types of p53 mutants can be functionally restored 9 ' 22 . It is con- 
ceivable that structural analysis of the isolated core domain pro- 
vides insufficient information because sequences outside the 
core domain may significantly affect p53 activity 23 " 28 . This sug- 
gests that screening for molecules that only interact with the 
p53 core domain would be inadequate for the identification of 
mutant p53-reactivating drugs. Our screening approach should 
permit the selection of compounds that may have effects on the 
domains adjacent to the core as well. 

Our results demonstrating that PRIMA-1 can restore wild-type 
conformation to recombinant mutant p53 and preserve the 
DNA binding of wild-type p53 in the absence of cellular proteins 
suggest that PRIMA-1 interacts directly with p53. However, it is 
also possible that PRIMA-1 reactivates p53 by other mechanisms. 
Further studies—including nuclear magnetic resonance imaging 
and/or X-ray crystallography analysis— will be required to ad- 
dress this question. 

The mechanism behind PRIMA-l-mediated restoration of mu- 
tant p53 function, albeit incompletely understood, is fundamen- 
tally different from the stabilization of the wild type-specific 
PAbl620 epitope achieved by CP31398 (ref. 29). Addition of 
PRIMA-1 to cellular extracts restored the DNA binding to mutant 
p53 in bandshift assays and PAM620* conformation in ELISA, 
suggesting that PRIMA-1 acts on previously unfolded protein. 
Whereas CP31398 confers protection from thermal denatura- 
tion, PRIMA-1 converts the mutant form of the protein into a 
properly folded active form. Therefore, these two compounds 
may have entirely different effects in living cells. Whereas 
PRIMA-1 will force already accumulated mutant pS3 to adopt an 
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active conformation, the effect of CP31398 will be restricted to 
newly synthesized pS3. 

Comparison of tumor volumes and histological sections of 
Saos-2 and Saos-2-His-273 xenografts treated with PRIMA-1 
demonstrated that the antitumor effect of PRIMA-1 was depen- 
dent on mutant p53 expression. Furthermore, PRIMA-1 caused 
induction of p53 target genes in SW480 xenograft tumors. Taken 
together, these results support the idea that PRIMA-1 is capable 
of functional reactivation of mutant pS3 in vivo. We observed 
significant tumor suppression following both intratumoral and 
i.v. administration of PRIMA-1. The effect of i.v. administration 
suggests that systemic treatment with new drugs based on 
PRIMA-1 will be feasible. This would be of great importance for 
of patients with disseminated disease. In order to 
the potential problem of selection for resistance, it 
may be necessary to combine PRIMA-1 treatment with other 
agents to simultaneously attack multiple lesions in tumor cells. 
Alternatively, PRIMA-1 may act synergistically with conven- 
tional chemotherapy or radiotherapy, allowing lower doses of 
drugs or irradiation for efficient tumor-cell killing. 

The identification of a small molecule able to restore biochem- 
ical and biological function to mutant p53, resulting in signifi- 
cant tumor suppression in vivo, opens exciting prospects for 
future cancer therapy. A more detailed investigation of the mol- 
ecular mechanism behind PRIMA-l-mediated reactivation of 
mutant pS3 may provide a basis for the design of new potent 
and tumor-specific drugs. 

Methods 

Cells and plasmids. The human Saos-2-His-273 osteosarcoma, HI 299-His- 
1 75 lung adenocarcinoma, and SKOV-His-1 75, His-273 and His-1 75-22/23 
ovarian carcinoma-cell lines carry the indicated tetracycline-regulated mu- 
tant p53 constructs. The His-1 75-22/23 mutant p53 has substitution of Leu 
22/Trp 23 for Gln/Ser in the transactivation domain. The human HCT-1 1 6 
colon carcinoma-cell line carries wild-type p53 and the A431 colon carci- 
noma-cell line carries His-273 mutant p53 and a p53-responsive LacZ re- 
porter. Other cell lines used are indicated in Supplementary Table A. The 
plasmids encoding the CST-p53 fusion proteins have been described 31 . The 
pS3-EGFP plasmid contains 1 3 synthetic p53 consensus DNA binding sites 
in front of the ECFP coding sequence. Transient transfection experiments 
were performed with Lipofectamine 2000 according to the manufacturer's 
recommendations (Invitrogen Life Technologies, Groningen, the 
Netherlands). 
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a chemical library and growth suppression assays. A li- 
brary of low-molecular-weight compounds was obtained from the 
National Cancer Institute (NCI), Bethesda, Maryland. For more informa- 
tion, see http://dtp.nci.nih.gov. Saos-2-His-273 cells grown in the pres- 
ence or absence of doxycycline were treated with compounds from the 
library (Diversity Set) at a concentration of 25 uM in 96-well plates. 
Growth suppression was assessed by the WST-1-cell proliferation reagent 
(Roche Diagnostics, Bromma, Sweden) after 48 h incubation. Absorbance 
of samples was measured at 490 nm. 


In vitro assays. For FACS analysis, cells were stained with propidium iodide 
§ and analyzed on a Becton Dickinson FACScan (Mountain View, California) 
°. according to standard procedures. TUNEL staining, immunostaining, LacZ 
£ staining, preparation of cell extracts, ELISA and western-blotting were per- 
■g formed according to standard procedures. GST-p53 proteins were pre- 
= pared and analyzed for specific DNA binding as described" 1 '. For 
c PAb1620 staining, cells were fixed with 4% formaldehyde. The anti-p53 
o monoclonal antibodies PAbl 620, PAb240 and PAbl 801 were obtained 
from Calbiochem (Darmstadt, Germany). The anti-pS3 rabbit polyclonal 
E antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, 
^ California), the anti-MDM2 monoclonal antibody was from Neo Markers 
JJ (Fremont, California) and the anti-p21 monoclonal antibody was from 
A Transduction Laboratories (Lexington, Kentucky). Secondary antibodies 
§• (FITC-conjugated horse anti-mouse immunoglobulin, Texas Red-conju- 
g gated goat anti-rabbit Immunoglobulin) were from Vector (Burlingame, 
O California). All other reagents were from Sigma-Aldrich Sweden AB 
jjP (Stockholm, Sweden). 

J2 Animal studies. All animal studies were approved by the local animal eth- 
ical committee in Stockholm, Sweden, and animal care was in accordance 
Q- with institutional guidelines. For toxicity assessment, 12 SCID mice (aver- 
S. age weight, 20 g) were divided into 4 groups. 3 groups received daily i.v. 
3 injections of 1, 10 and 100 mg/kg of PRIMA-1 in PBS for 5 d. Control 
Z animals were injected with PBS. Changes in body weight were monitored 
cn for 1 mo after the last injection. For assessment of the anti- 
o tumor activity of PRIMA-1, 12 SCID mice were inoculated with 1 x 10 s 
q Saos-2-His-273 cells in 90% Matrigel (Becton Dickinson, Le Pont-De-Claix, 
France) subcutaneously and unilaterally into the right flanks. After 3 d, 
jtSlk mice were divided into 4 groups. 2 groups received i.v. injections of 
PRIMA-1 at a dose of either 20 or 1 00 mg/kg, 1 group received intratumor 
'^ J ' injections of PRIMA-1 at a dose of 20 mg/kg, and the last group was used 
as a control. Injections were performed twice daily for 3 d. Tumor volume 
was measured at 2 mo. 

PRIMA-1 mediated activation of p53 target genes in vivo was assessed 
by western-blot analysis using extracts from SW480 xenografts excised 
from mice 16 h after intratumor injection. To compare the effect of 
PRIMA-1 on pS3-null and mutant p53-expressing xenograft tumors, 10 
SCID mice were inoculated with 1 x 1 0 6 Saos-2 and Saos-2-His-273 in 90% 
Matrigel in the right and left flanks, respectively. After 5 d, mice were 
treated twice a day with i.v. injections of PRIMA-1 (100 mg/kg) or PBS for 
10 d. Paraffin-embedded tumor sections were stained with H&E. In all ex- 
periments, mean tumor volumes in treated and control animals were com- 
pared at a given time point using the Wilcoxon matched-pairs test. 

Note: Supplementary information is available on the Nature Medicine 
website (http://medicine.nature.com/supplementary_info/). 
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Since tumor progression is dependent on the ability of malignant cells 
to interact with the extracellular matrix, molecules on the cell surface 
which mediate cell-substratum interactions are likely to be important 
regulators of tumor invasion and metastasis. The purpose of this study 
was to examine the distribution of one such group of cell adhesion 
receptors, the integrins, in benign and malignant lesions of human melan- 
ocytes. The distribution of integrin adhesion receptors was defined on 
cells in culture derived from normal and malignant melanocytes and in 
tissue sections from benign to increasingly malignant melanocyte lesions 
using a panel of monoclonal antibodies against specific integrin subunits. 
Cells in culture expressed a large variety of integrins, including all of the 
previously characterized members of the 0, subfamily plus the a,/& 
vitronectin receptor. The expression of integrins was similar in cells 


differences were noted in integrin expression by cells within tissues 


pared tort 


Is and cells within nevi. Most 


notably, the expression of the ft subunit was restricted exclusively 
cells within vertical growth phase and metastatic melanomas. The pres- 
ence of this integrin may be important in the development of tumor 
invasiveness and could be useful as a marker of melanoma cells entering 
the more aggressive phase of the malignant process. 


INTRODUCTION 

The process of tumor invasion and metastasis requires com- 
plex changes in normal cell-cell and cell-substratum interac- 
tions (1,2). In order for tumor cells to migrate through adjacent 
tissues and become invasive, normal cell contacts must be 
broken and the cells must be able to attach efficiently to the 
extracellular matrix proteins of the surrounding stroma (1). 
The cellular receptors mediating these adhesive events are thus 
likely to be important in tumor invasion and metastasis (2, 3). 

One family of cell surface proteins that participates in cell 
adhesion and migration is the integrins (4-7). Structurally, each 
integrin is a heterodimer consisting of an a subunit noncova- 
lently associated with a 0 subunit. The receptor complex spans 
the plasma membrane, linking the internal cytoskeletal network 
of a cell with the external extracellular matrix (4). Specificity 
for ligand binding is determined by the particular combination 
of a and 0 subunits. The integrins are divided into at least 5 
subfamilies, each being defined by a common 0 subunit (S). The 
best characterized subfamilies are the ft subfamily, which in- 
cludes receptors for laminin, fibronectin, and collagen; the ft 
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subfamily, found on leukocytes, which includes receptors me- 
diating cell-cell interactions; and the ft subfamily, which in- 
cludes the platelet glycoprotein Hb/IIIa complex and the "vi- 
tronectin" receptor which also binds fibrinogen, thrombospon- 
din, and von Willebrand's factor (8, 9). 

Data from in vitro and in vivo comparisons of control and 
malignant cells have suggested that changes in integrin expres- 
sion accompany malignant transformation. However, no uni- 
form pattern of change has emerged. Rodent cells transformed 
with Rous sarcoma virus (10), as well as basal cell or squamous 
cell carcinomas (11), show a reduction in the expression of 
integrins from the 0 t subfamily. In contrast, chemically trans- 
formed, tumorigenic human osteosarcoma cells display an in- 
crease in ft integrins when compared to nontumorigenic osteo- 
sarcoma cells (12). Other transformed cells show an alteration 
in the distribution of integrins with no sign of changes in their 
expression (13). 

Despite the lack of consistent changes in the pattern of 
integrin expression that correlate with tumorigenesis, func- 
tional studies suggest that integrins are important in the met- 
astatic process. Synthetic peptides containing the amino acid 
sequence RGD 3 (derived from one of the cell-binding domains 
of fibronectin and other matrix proteins) that block the binding 
of many integrins to their extracellular matrix ligands (14, 15) 
inhibit the movement of human melanoma cells through an 
amniotic basement membrane in an experimental model of 
invasion (16). These peptides also reduce the number of met- 
astatic nodules found within the lungs of mice given B16F10 
melanoma cells (17-19). Consistent with these studies is the 
observation that antibodies against the ft subfamily of integrins 
prevent the establishment of tumors when human melanoma 
cells are implanted into nude mice (20). Finally, the overexpres- 
sion of the fibronectin receptor, a 5 ft, reduces the ability of 
Chinese hamster ovary cells to form tumors in nude mice (21). 

The purpose of this study was to examine the distribution of 
integrins in a well-characterized system of human tumor pro- 
gression which results in the development of malignant mela- 
noma (22, 23). A panel of antibodies directed against specific 
integrin subunits was used to characterize the integrin reper- 
toire of cells from human melanocytic neoplasms in cell culture 
and in tissue sections. Since cultured cells explanted from all 
stages of tumor development have been established and char- 
acterized (24-27), this approach provided the opportunity to 
compare integrin expression of malignant cells in culture with 
those in situ, as well as to monitor integrin expression during 
tumor progression. 

MATERIALS AND METHODS 

Antibodies. Both Mabs and polyclonal antibodies directed against 
various subunits of different integrin receptors were used for immuno- 

1 The abbreviations used are: RGD, Arg-Gly-Asp; Mab, monoclonal antibody; 
SDS. sodium dodecyl sulfate; RGP, radial growth phase; VGP, vertical growth 
phase; A EC, aminoethylcarbazole. 


INTEGRIN EXPRESSION IN MALIGNANT MELANOMA 


precipitation. Only Mabs were used for tissue staining. Mabs P1HS, 
PIB5 and PI D6 (recognizing a* o 3 , and a, subunits, respectively) were 
generously provided by Drs. Elizabeth Wayner and William Carter (28, 
29). Dr. Martin Hemler kindly supplied the Mabs TS2/7 and B-SH10 
directed against the a, and 04 subunits, respectively (30, 3 1). Dr. Arnoud 
Sonnenberg donated the GoH3 monoclonal antibody directed against 
the at integrin (32). Drs. Joel Bennett and James Hoxie provided the 
SSA6 Mab that is directed against the ft subunit and B1B5 directed 
against platelet glycoprotein lib (o„ b K33). The Mab LM142, directed 
against the vitronectin receptor a subunit (a,), was donated by Dr. 
David Cheresh (34). The polyclonal antibody raised against the 140- 
kDa adhesion receptor complex in rat L6A cells which reacts against 
integrins in the 01 and ft subfamilies has been previously described 
(35). 

Cell Lines. Sixteen different cell lines derived from primary and 
metastatic melanomas were examined. In addition, four lines of melan- 
ocytes explanted from normal skin and congenital nevi were studied. 
Cultured melanocytes were isolated from foreskins of newborn humans 
as previously described (26). The human nevus and tumor cells used in 
these studies have been characterized elsewhere (24-27). Cells were 
routinely cultured in MCDB 1 53/L-l 5 medium supplemented with fetal 
calf serum, pituitary extract, insulin, and transferrin (26). In five cases, 
melanoma cell lines derived from both the primary melanoma and a 
metastatic lesion from the same patient were available. 

Labeling of Cells. For '"I labeling, intact monolayers of cells in 25- 
cm 2 tissue culture flasks were washed with phosphate-buffered saline 
and exposed sequentially to 100 units/ml of lactoperoxidase (Sigma 
Chemical Co., St. Louis, MO), 1 mCi of carrier-free '"I (Amersham, 
Arlington Heights, IL), and three 40- M l aliquots of 0.06% hydrogen 
peroxide. The cells were harvested and extracted as described below. 

Cell Harvest and Nonidet P-40 Extractions. After being washed three 
times with phosphate-buffered saline, labeled cells were extracted by 
exposing the monolayers to 0.5-1.0 ml of 0.01 M Tris acetate buffer, 
pH 8.0, containing 0.5% Nonidet P-40, 0.5 mM Ca 2 "\ and phenylmeth- 
ylsulfonyl fluoride at a 2 mM concentration. Cells were then scraped 
from the vessel and the extraction continued for 20 min at 4'C. The 
extract was centrifuged for 30 min at 12,000 x g and the resulting 
supernatant used for immunoprecipitation. 

Immunoprecipitation and Gel Electrophoresis. Nonionic detergent 
extracts were preadsorbed for 30 min at 4'C with protein G conjugated 
to Sepharose beads (Pharmacia, Piscataway, NJ). Fifty n\ of the appro- 
priate antibody was then added to 100 /J of the extract and the mixture 
allowed to stand for 1 h at 4'C. Immunocomplexes were collected by 
adsorption onto protein G Sepharose beads for 1 h at 4'C. The beads 
containing the complex were washed 5 times with a buffer containing 
50 mM Tris HCI (pH 7.5), 150 mM NaCl, 1% Triton X-100, 5% 
deoxycholate, and 0.1% SDS. The beads were then suspended in an 
electrophoresis sample buffer [62.5 mM Tris base, 2% SDS, 10% 
glycerol (pH 6.8)]. The material eluted from the beads was analyzed by 
SDS-polyacrylamide gel electrophoresis using 6% polyacrylamide gels 
as previously described (35) under nonreducing conditions. Gels were 
dried and exposed to Kodak XR-S X-ray film at -70'C. 

Origin and Classification of Tissue Samples. All tissue samples were 
obtained from diagnostic or therapeutic biopsies taken from patients 
in the Pigmented Lesion Group, Hospital of the University of Penn- 
sylvania. The samples were snap frozen in liquid nitrogen and stored 
at -70"C until the time of sectioning. The biopsy specimens were 
classified by standard histological criteria (22, 23, 36) as belonging to 
one of the following groups: benign nevus, primary melanoma (either 
radial or vertical growth phase), or metastatic melanoma. Nevus cells 
seen in the benign melanocyte nevus were found as collections of 
cuboidal cells either in the dermis or at the dermal-epidermal junction 
without any suggestion of nuclear atypia or inflammatory response. 
Primary melanomas were divided into RGP or VGP (22, 23, 36). RGP 
melanomas were defined as proliferations in the epidermis of moder- 
ately to severely atypical melanocyte cells with or without small clusters 
of lesional cells in the dermis without proliferation. The VGP primary 
melanomas were invasive into the dermis in proliferative clusters or in 
sheets and tended to show greater atypia than RGP cells. The VGP 


melanomas formed clinically and histologically recognizable tumor 
masses at the primary site and may therefore be considered "tumori- 
genic" primary melanomas. Metastatic melanomas resembled the VGP 
cells both histologically and cytologically, but these tumorigenic lesions 
were found at sites distant from the primary lesion. Some specimens 
revealed both the RGP and VGP compartments. In these cases, each 
portion of the lesion was analyzed separately. 

Immunohistochemistry. Cryostat sections 4- to 8-Aim thick were 
placed on poly-L-lysine-coated slides and fixed in -20*C acetone for 10 
min. The peroxidase-based Vectastain Elite ABC system (Vector Lab- 
oratories, Burlingame, CA) was used to detect the monoclonal anti- 
integrin antibodies. In lesions with large amounts of brown melanin 
pigment, the red AEC substrate was used for contrast. These sections 
were lightly counterstained with Mayer's hematoxylin. For the less 
pigmented nevus cells, diaminobenzidine was used as the the peroxidase 
enzyme substrate without the use of counterstaining. Each lesion was 
classified using the criteria described above and the degree of immu- 
noperoxidase staining of the melanocytes or melanoma cells was graded 
negative, weak staining, or strong staining. Staining was considered 
positive for an entire lesion if 10% or more of the cells showed strong 
staining. For reference purposes, the staining shown by the nevus cells 
in Fig. 2, F and G, were graded as strongly positive, the nevus cells in 
Fig. 2, C and D, as weakly positive, and the nevus cells in Fig. 2, H and 
/, as negative. The percentage of cells positive with any of the monoclo- 
nal antibodies was visually estimated. Color slides were taken using 
Ektachrome 64 indoor film. For black and white pictures, Kodak T- 
MAX 400 film was used. 

Statistical Analysis. The proportion of tumorigenic versus nontu- 
morigenic lesions expressing ft and cu integrin subunits were analyzed 
using x 2 analysis. 

RESULTS 

Integrin Expression by Cultured Melanocytes and Melanoma 
Cells. To determine the integrin profile of melanocytes and 
melanoma cells in culture, extracts of 125 I-labeled cell of four 
lines of normal melanocytes (established from fetal foreskin 
and benign nevi) and 16 different tumor lines (isolated from 
primary or metastatic melanomas) were subjected to immuno- 
precipitation. Examples of immunoprecipitations from one 
nonmalignant melanocyte line (nevus cell line 1692) and one 
malignant melanoma cell line (line 164) are shown in Fig. 1. 
Two radioactive bands are seen in the immunoprecipitations 
using monoclonal antibodies since antibodies specific for one 
integrin subunit coprecipitate the associated subunit. Thus, 
monoclonal antibodies against specific integrin a subunits co- 
precipitated the common 120-kDa ft subunit. Similarly, an 
anti-ctv subunit monoclonal antibody coimmunoprecipitated the 
95-kDa ft subunit (data not shown) and the anti-ft monoclonal 
antibody coprecipitated the 150-kDa a, subunit. In the case of 
nevus 1692 (Fig. 1, top), the major integrins detected were a,ft, 
a coilagen/laminin receptor, ajft, a promiscuous receptor for 
laminin, fibronectin, and collagen; a 5 ft, a fibronectin receptor, 
and a v ft, a vitronectin receptor. No reactivity with an antibody 
directed against the platelet glycoprotein lib was detected. 
Cultured cells derived from the metastatic melanoma 164 ex- 
pressed more integrins (Fig. 1, bottom) than did the nevus cell 
line 1692, including all the integrins found on the melanocytes 
plus the a 2 ft coilagen/laminin receptor and ouft, a receptor 
shown to bind to a non-RGD containing region of fibronectin 
(37) and function in cell-cell interactions (38). 

These comparisons suggested that differences between me- 
lanocytes and melanoma cells in culture might exist. However, 
when the immunoprecipitation data from all 20 cell lines were 
examined (Table 1), no consistent differences between benign 
and malignant cells types could be detected. There was clearly 
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a high degree of heterogeneity in integrin expression among 
cell lines. The principal integrins expressed by all the cultured 
cells were a 3 ft and a.ft. The a,ft collagen/laminin receptor 
was expressed by many of the melanoma cells and by one of 
the nevus cell lines at relatively high levels. There was consid- 
erable variation in the expression of other integrins. Most cells 
expressed only trace levels of the classical fibronectin receptor, 
asft, or the collagen/laminin receptor, a 2 ft. The frequent 
expression of 0:4ft by melanoma cells is particularly interesting, 
since this integrin has been shown to be involved in cell-cell 
interactions and could thus possibly play a role in endothelial 
cell adhesion and extravasation of metastatic cells. 

Expression of Integrins on Normal and Malignant Cells in 
Tissue Sections. The fact that no consistent differences between 
tumorigenic and nontumorigenic cells in culture were noted did 
not rule out the possibility that such a difference existed in 
tissue. Therefore, the integrin profiles of melanocytes and mel- 
anoma cells in tissue were compared by immunoperoxidase 
staining of cryostat sections from 42 different lesions repre- 
sentative of different stages of melanoma progression including 
benign nevi, RGP primary, VGP primary, and metastatic mel- 
anoma (see "Materials and Methods" for details of tumor 
classification). 

The integrins expressed by cells within each cryostat section 
were determined using antibodies specific for the a subunit of 
6 receptors in the ft integrin subfamily, the a subunit of the 
vitronectin receptor (a,), and the ft subunit. An example of the 
staining pattern of skin containing a benign congenital nevus is 


illustrated in Fig. 2. The staining in the epidermis (arrows) was 
primarily confined to the basal layers. The keratinocytes stained 
strongly for the a 2 (Fig. 2B), a 3 (Fig. 2Q, and at (Fig. 2F) 
subunits. There was some expression of a, (Fig. 2A) and a, 
(Fig. 2G), but staining with antibodies against a, (Fig. 2D), a s 
(Fig. IE), and ft (Fig. 2H) did not exceed the background noted 
in control sections stained with an antibody against an irrele- 
vant antigen (Fig. 21). 

The staining pattern of a benign melanocyte nevus (an ex- 
ample of one of six benign melanocyte nevi studied in detail) 
is also seen in the same sections (Fig. 2). The nevus cells 
(arrowheads) strongly expressed a t (Fig. 2F) and a, (Fig. 2G). 
The expression of a, (Fig. 2A) was less intense and roughly 
equivalent to that of the basal keratinocytes in the same section. 
Some expression of a 2 , a 3 , and a 4 was noted (Fig. 2, B, C, and 
D), but staining was less intensive and patchy in its distribution. 
On average, 40% of the cells within a given nevus (n = 6) were 
graded as positive for a 2 and 28% for « 3 . The nevus illustrated 
in Fig. 2 was the only one of six to show «« staining, with 
approximately 30% of the nevus cells in the deeper regions of 
the dermis being positive. Staining of sections from all six nevi 
for a s and ft (Fig. 2, E and H) did not exceed that of the 
nonspecific background noted in the control sections (Fig. 21). 

In general, the expression of the ft integrins by RGP (n = 
6), VGP (n = 5), and metastatic cells (n = 5) was qualitatively 
similar to that of nevus cells (data not shown). The a, and a 6 
subunits were consistently present on all of the malignant cells. 
The expression of the a 2 and a 3 subunits remained somewhat 
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melanoma and one of the nevi. Because of this difference, we 
screened an additional 6 nevi, 7 VGP lesions, and 6 metastatic 
tumors for the presence of the a* subunit. As shown in Table 
2, only 2 of 18 (11%) of the nontumorigenic lesions expressed 
the ou subunit as compared with 9 of 23 (39%) tumorigenic 
neoplasms. This difference was significant at the P < 0.05 level. 

The most striking difference noted between tumorigenic and 
nontumorigenic lesions was the marked contrast in expression 
of the ft subunit. Whereas the cells from nevi, RGP, VGP, and 
metastatic lesions all stained strongly with anti-a, antibody, 
only tumorigenic VGP and metastatic melanoma cells ex- 
pressed the ft subunit. The benign melanocyte nevus and 
nontumorigenic RGP primary melanoma uniformly failed to 
express this subunit. Sections selected from each of these path- 
ological classifications, stained with a monoclonal antibody 
(SSA6) specific for the ft subunit are shown in Fig. 3. The 
loosely packed cluster of cells within the nevus failed to react 
with this antibody (Fig. 3-4). Likewise, the cluster of melanoma 
cells within the nontumorigenic RGP primary melanoma did 

Table 2 Expression ofimegrin subunits in melanocytic tissue 


Nevus 1/6(30)' 0/9 

RGP primary melanoma 1/12(80) 0/12 
VGP primary melanoma 4/1 2 (55 ± 8) 8/10 (61 ± 9) 
Metastatic melanoma 5/1 1(78 ±6) 1 1/1 1(66 ±15) 

* Numerator, number of lesions where at least 10% of the cells demonstrated 
rang staining by immunohistocytochemistry, denominator, number of lesions 

amined; numbers in parentheses, percentage of cells (±SD) within each lesion 


not react with this antibody (Fig. 3B). In marked contrast, VGP 
cells and metastatic cells stained strongly with this antibody 
(Fig. 3, C and D). No staining was observed using an antibody 
against the a m subunit which is found in association with ft in 
platelets (data not shown). 

Fig. 44 is an overview of a complex primary melanoma that 
contained regions of invasive VGP cells (left), as well as regions 
of RGP cells (right), confined to the epidermis and papillary 
dermis. The positive reaction with the anti-ft monoclonal an- 
tibody was evidenced in the areas showing red and was limited 
to cells within the VGP portion of the tumor. The red of the 
positive AEC-staining cells could easily be distinguished from 
the brown of the melanin-containing tumor cells. Although 
many of these VGP cells expressed the ft integrin receptor, 
heterogeneity of staining was apparent. At lower magnification 
(Fig. 4A) certain regions within the VGP portion of the lesion 
were clearly reactive with antibodies against ft integrins, while 
other regions showed more heterogeneity in their staining pat- 
tern. When examined at higher magnification (Fig. 4B), heter- 
ogeneity was still apparent, but positively staining cells could 
be readily detected. This heterogeneity was also seen in other 
lesions examined. Between 30 and 90% of the cells within a 
single VGP or metastatic lesion reacted with monoclonal anti- 
bodies specific for ft integrins. All cells within the RGP por- 
tions of this same lesion (Fig. 4C) consistently failed to show 
any reactivity with the anti-ft Mab. The brown is due to the 
melanin produced by these cells. 

Because of the striking differences in ft expression between 
nontumorigenic and tumorigenic melanocytes, we expanded 
our initial survey to include 42 lesions. These results are sum- 


Fig. 3. Tissue distribution of ft integrins in 
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Fig. 4. Distribution of 0$ integrins within a complex primary melanoma. 
Frozen sections of a complex primary melanoma were stained with the anti-ft 
monoclonal antibody and counterstained by the immunoperoxidase technique 
using the red AEC chromagen (see "Materials and Methods") to contrast with 
the brown melanin pigment. In A, lesion presents with a VGP nodule that elevates 
the epidermis (left). The nodule is contiguous with a flat RCP (right); bars, 500 
ixm. Insets, approximate location of fields depicted in Fig. 3, B and C; bar, 100 
tan. In B, VGP cells contain both brown melanin and red AEC chromagen, 
indicating reactivity with the anti-ft, monoclonal antibody. In C, RGP cells 
contain only brown melanin pigment and no red, indicating negative reactivity 
with the antMi Mab. 

marized in Table 2. Zero of 9 nevi and 0 of 12 RGP lesions 
expressed the ft subunit. In contrast, 8 of 10 VGP lesions 
(80%) and 11 of 11 (100%) metastatic melanomas stained 
positively with anti-ft antibody. The difference between tumor- 
igenic versus nontumorigenic ft integrin expression was highly 
significant (P< 0.001). 


DISCUSSION 

The interaction of tumor cells with extracellular matrix has 
long been suspected as an important component of tumorigenic- 
ity and metastasis (reviewed in Refs. 1 and 3). A comparative 
analysis of specific cell-matrix adhesion receptors, such as the 
integrins, present on tumor cells and nontransformed cells may 
thus be important to our understanding of tumor progression. 
A number of investigators have begun to study the types and 
functions of integrins on a variety of tumor cells in culture and 
have found various changes in integrin expression or function 
(see "Introduction"). However, to date, no studies have com- 
prehensively examined the distribution of integrins in a well- 
defined system of tumor progression or compared in vitro to in 
situ integrin expression. Because the development of melano- 
mas takes place in well-defined steps (22, 23), and these cells 
are easily grown in culture, this system is ideally suited for 
meaningful comparative studies of integrin expression. 


Melanocytes and melanoma cells in culture expressed a wide 
variety of integrins. These included all of the known ft or VLA 
subfamily of integrins plus a./ft. Examination of Table 1 
highlights the heterogeneity of integrin expression observed 
among various cell lines. Although all cells produced readily 
detectable amounts of the the a 3 , a v , and ft subunits, the 
expression of other integrins was quite variable. Because of this 
heterogeneity, it was difficult to identify clear differences be- 
tween the integrin repertoire of melanocytes derived from nor- 
mal skin and nevi compared with those derived from primary 
or metastatic melanomas, with the possible exception of an 
increased expression of the a 4 subunit on cells derived from 
malignant tumors. Although the significance of this difference 
is unclear due to the limited number of nonmalignant cell lines 
studied, the presence of the a 4 /ft integrin on melanoma cells 
in culture and in tissues is especially interesting, since this 
receptor (also known as VLA-4) has been implicated in cell-cell 
adhesion. The ligand for VLA-4 is an endothelial cell surface 
protein, VCAM-1 (vascular cell adhesion molecule- 1 ) (37, 38), 
that appears to be similar or identical to INC AM- 1 10, a recently 
described inducible endothelial cell surface glycoprotein that 
mediates the adhesion of certain human melanoma cell lines to 
cultured endothelium (39). The presence of o 4 ft on some of the 
cultured human melanoma cell lines studied here and on about 
one-third of the malignant melanoma cells in tissues supports 
the idea that it may play a role in the metastatic process, 
although the absence of this receptor on many cell lines and 
tumors indicates that it is not necessary for metastasis. 

Some of the integrins reported here have also been noted by 
others studying individual melanoma cell lines, both human 
and murine in origin. Among the integrins expressed in these 
lines were Vft and a 2 /ft (40), a 4 /ft (41), and a 6 /ft (42), as 
well as the ft and a, subunits (8). These results, taken with 
those reported here, support the diverse pattern of integrins 
expressed in culture. 

Since the expression of many cell surface proteins is markedly 
altered by the process of tissue culture (26), it was important to 
establish the relationship between the distribution of of inte- 
grins on cells in culture versus those that reside in tissue. The 
most important finding of this study was the contrast in expres- 
sion of the ft integrins by benign melanocytes and melanomas 
in the radial growth phase (nontumorigenic lesions) versus those 
melanoma cells in tumorigenic lesions, i.e., the vertical growth 
phase of primary melanoma or metastatic tumors. Cells within 
almost all of the VGP and metastatic lesions expressed the ft 
integrin, while benign melanocytes and cells within RGP mel- 
anomas did not. In every positive case, between 30 and 90% of 
cells within a given lesion stained strongly for the ft subunit. 
This pattern of heterogenous expression was in contrast to the 
more uniform expression of the ft subfamily of integrins by 
epidermal cells but was similar to the the patchy distribution of 
the on and a 3 subunits by melanomas and melanocytes. Al- 
though the reason for the heterogeneity of ft receptor expres- 
sion is not known, heterogenous expression of tumor antigens 
has been well described in malignant melanoma (43) and many 
other tumors (44, 45). 

These findings agree with and extend those of McGregor et 
al. (46) who found binding of an antibody directed against the 
platelet glycoprotein Hb/HIa complex in 16 of 21 (75%) frozen 
melanoma tissues compared with no binding in 15 cryostat 
sections containing normal melanocytes in skin or nevi. Since 
glycoprotein lib is found exclusively on platelets, it seems likely 
that the antibody used by these investigators was identifying 
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the ft subunit. Taken together, these observations emphasize 
the importance of studying the distribution of cell surface 
receptors, such as the integrins, on cells in their "natural," /.«., 
in situ, environment, and support the observation made here 
that the expression of the ft subunit is common in invasive 
melanomas. 

RGP and VGP tumors behave in a well-defined and predict- 
able manner (47). The radial growth phase is characterized by 
indolent but inexorable growth and by a propensity to progress 
to vertical growth phase. Although RGP melanomas may be 
invasive, they do not form nodules in the dermis, they do not 
metastasize to distant sites, and they are not capable of causing 
metastatic tumors in nude mice (36, 47). Survival, upon excision 
of tumors at this stage is 100%. Clinically, only those melano- 
mas that express VGP characteristics have the capacity for 
metastasis (47). Since the distinction between early VGP and 
RGP can be difficult, the expression of the ft subfamily of 
integrins by melanoma cells with tumorigenic potential could 
be useful as a marker of cells entering this phase of malignant 
progression. 

In contrast to the selective expression of the ft subunit by 
VGP and metastatic melanomas, the a, subunit was strongly 
expressed on all tissues (Fig. 2G). This suggests that the a. 
subunit associates with a different 0 subunit in normal melan- 
ocytes and nevi. The ability of the a, subunit to combine with 
alternative 0 subunits is well documented (48-50). One notable 
difference between the a,/ft receptor and the other a»-contain- 
ing receptors is that only the a,ft receptor has the ability to 
bind to fibrinogen. This property may somehow be important 
in the process of tumor progression. 

Whether the expression of a receptor containing the ft sub- 
unit contributes to the capacity of melanoma cells to invade 
matrix and blood vessels is not known. It is possible, however, 
that the possession of this additional adhesion receptor allows 
the cells to move more freely within the mesenchymal stroma 
during tumor formation and invasion or bind more readily to 
the endothelial lining of blood vessels during the metastatic 
process. Evidence that this integrin subfamily may be important 
in tumor implantation and growth has recently been provided 
by Boukerche et al. (20) who have inhibited the growth of a 
human melanoma cell line in nude mice using an antibody with 
reactivity against the ft subunit of the vitronectin receptor. 
Further evidence that the a,ft receptor may be important in 
metastasis is provided by studies which have shown that pep- 
tides containing the RGD sequence are able to inhibit both 
melanoma tumor cell invasion (16) and the development of 
experimental metastases by murine melanomas (17-19). 

In summary, this study has demonstrated that melanoma 
cells in culture and in tissue express a wide variety of integrins 
in a relatively heterogenous pattern. However, the expression 
of the ft subunit in tissue sections was restricted exclusively to 
tumorigenic melanoma cells. This suggests that the presence of 
this receptor may be important for the development of tumor 
invasiveness and could be useful as a marker of melanoma cells 
entering the more aggressive phase of the i 


3, R. 


27. 


ACKNOWLEDGMENTS 

The authors would like to thank Mildred Daise for her excellent 
technical assistance and Marie Lennon for her skillful preparation of 
the manuscript. We would also like to express our appreciation to Drs. 2f 
Elizabeth Wayner, William Carter, Martin Hemler, Arnoud Sonnen- 
berg, Joel Bennett, James Hoxie, and David Cheresh for their generous 2 5 
donations of antibodies. 

6763 


sptois for 

in and tumor metastasis. Biochim. Biophys. Acta, 
907: 261-278, 1987. 
I. Ruoslahti, E., and Giancotti, F. G. Integrins and tumor cell dissemination. 

Cancer Cells, /: 1 19-126, 1989. 
1. Buck, C. A., and Horwitz, A. F. Cell surface receptors for extracellular matrix 

molecules. Annu. Rev. Cell Biol., 13: 179- 205, 1987. 
i. Hynes, R. O. Integrins: a family of cell surface receptors. Cell, 48: 549-554, 
1987. 

i. Ruoslahti, E., and Pierschbacher, M. D. New perspectives in cell adhesion: 
RGD and integrins. Science (Washington DC), 238: 491-497, 1987. 

'. Albelda, S. M., and Buck, C. A. Integrins and other cell adhesion molecules. 
FASEB J., 4: 2868-2880, 1990. 

t. Cheresh, D. A., and Spiro, R. C. Biosynthetic and functional properties of 
an Arg-Gly-Asp-directed receptor involved in human melanoma cell attach- 
ment to vitronectin, fibrinogen, and von Willebrand ractor. J. Biol. Chem., 
26*17703-17711,1987. 

>. Lawler, J., Weinstein, R, and Hynes, R. O. Cell attachment to thrombospon- 
din: the role of ARG-GLY-ASP, calcium, and integrin receptors. J. Cell 
Biol., 107: 2351-2361, 1988. 

). Plantefaber, L. C, and Hynes, R. O. Changes in integrin receptors on 
oncogenically transformed cells. Cell, 56: 281-290, 1989. 

I. Peltonen, J., Larjava, H., Jaakkola, S., Gralnick, H„ Akiyama, S. K., Ya- 
mada, S. S., Yamada, K. M ., and Uitto, J. Localization of integrin receptors 
for fibronectin, collagen, and laminin in human skin. i. Clin. Invest., 84: 
1916-1923, 1989. 

!. Dedhar, S., and Saulnier, R. Alterations in integrin receptor expression on 
chemically transformed human cells: specific enhancement of laminin and 
collagen receptors. J. Cell Biol., 110: 481-489, 1990. 

i. Akiyama, S. K., Larjava, H., and Yamada, K. M. Differences in the biosyn- 
thesis and localization of the fibronectin receptor in normal and transformed 
cultured human cells. Cancer Res., SO: 1601-1607, 1990. 

t. Pierschbacher, M. D., and Ruoslahti, E. Cell attachment activity of fibronec- 
tin can be duplicated by small synthetic fragments of the molecule. Nature 
(London), 309: 30-33, 1984. 

5. Yamada, K. M, and Kennedy, D. W. Dualistic nature of adhesive protein 
function: fibronectin and its biologically active peptide fragments can auto- 
inhibit fibronectin function. J. Cell Biol., 99: 29-36, 1984. 

5. Gehlsen, K. R., Argraves, W. S., Pierschbacher, M. D., and Ruoslahti, E. 
Inhibition of tumor cell invasion by Arg-Gly-Asp-containing synthetic pep- 
tides. J. Cell Biol., 106: 925- 930, 1988. 

7. Humphries, M. J., Olden, K., and Yamada, K. A 
fibronectin inhibits experimental metastasis of m — 
ence (Washington DC), 233: 467-470, 1986. 

3. Saiki, I., Murata, J., Lida, J., Nishi, N., Sugimura, K., and Azuma, I. The 
inhibition of murine lung metastasis by synthetic polypeptides [poly(arg-gly- 
asp) and poly(tyr-ile-gly-ser-arg)] with a core sequence of cell adhesion 
molecules. Br. J. Cancer, 59: 194-197, 1988. 

). Humphries, M. J„ Yamada, K. M., and Olden, K. Investigation or the 
biological effects of anti-cell adhesion synthetic peptides that inhibit experi- 
mental metastasis of BI6-FI0 murine melanoma cells. 1. Clin. Invest., 81: 
782-790, 1988. 

3. Boukerche, H., Berthier-Vergnes, O., Bailly, M., Dore, J. F., Leung, L. K., 
and McGregor, 1. L. A monoclonal antibody (LYP18) directed against the 
blood platelet glycoprotein Ilb/IIIa complex inhibits human melanoma 
growth in vivo. Blood, 74: 909-912, 1989. 

1. Giancotti, F. G., and Ruoslahti, E. Elevated levels of the a,0, fibronectin 
receptor suppress the transformed phenotype of Chinese hamster ovary cells. 
Cell, 60: 849-859, 1990. 

2. Clark, W., Elder, D„ Guerry, D., Epstein, M., Greene, M., and VanHorn, 
M. A study of tumor progression: the precursor lesions of superficial spread- 
ing and nodular melanoma. Hum. Pathol.. 15: 1 147-1 165, 1984. 

3. Clark, W., Elder, D., and VanHorn, M. The biologic forms of malignant 
melanoma. Hum. Pathol., 17: 443-452, 1986. 

«. Herlyn, M., Thurin, J., Balaban, G., Bennicelli, J., Herlyn, D., Elder, D., 
Bondi, E., Guerry, D., Nowell, P., Clark, W., and Koprowski, H. Character- 
istics or cultured human melanocytes isolated from different stages of tumor 
progression. Cancer Res., 45: 5670-5676, 1985. 

5. Balaban, O, Herlyn, M., Clark, W., and Nowell, P. Karyotypic evolution in 
human malignant melanoma. Cancer Genet. Cytogenet.. 19: 1 13-122, 1986. 

6. Herlyn, M., Rodeck, U., Mancianti, M., Cardillo, F., Lang, A., Ross, A., 
Jambrosic, J., and Koprowski, H. Expression or melanoma- associated 
antigens in rapidly dividing human melanocytes in culture. Cancer Res., 47: 
3057-3061, 1987. 

Rodeck, U., Herlyn, M., Manssen, H., Furlanetto, R., and Koprowski, H. 
Metastatic but not primary melanoma cell lines grow in vitro independently 
or exogenous growth ractors. Int. J. Cancer, 40: 687-690, 1987. 
Wayner, E., and Carter, W. Identification or multiple cell adhesion receptors 
for collagen and fibronectin * 1 " " : — - 


INTEGR1N EXPRESSION IN MALIGNANT MELANOMA 


cellular matrix: preparation of a monoclonal antibody to the fibronectin 
receptor that specifically inhibits adhesion to fibronectin and reacts with 
platelet glycoproteins Ic/IIa. J. Cell Biol., 107: 1881-1801, 1988. 

30. Hemler, M., Huang, C, and Schwarz, L. The VLA protein family. J. Biol. 
Chem., 262:3300-3309, 1987. 

31. Hemler, M., Ware, C, and Strominger, J. Characterization of a novel 
differentiation antigen complex recognized by a monoclonal antibody 
(A1A5): unique activation-specific, molecular forms on stimulated T cells. J. 
Immunol., 131: 334- 340, 1983. 

32. Sonnenberg, A., Modderman, P. W., and Hogervotst, F. Laminin receptor 
on platelets is the integrin VLA-6. Nature (London), 336: 487-489, 1988. 

33. Brass, L., Shatil, S., Kunicki, T., and Bennett, J. Effect of calcium on the 
stability of the platelet membrane glycoprotein Hb/IHa complex. J. Biol. 
Chem., 260: 7875-7881, 1985. 

34. Cheresh, D., and Harper, J. Arg-Gly-Asp recognition by a cell adhesion 
receptor requires its 130 kDA a subunit. J. Biol. Chem., 262: 1434-1437, 
1987. 

35. Albelda, S. M.. Daise, M., Levine, E. M., and Buck C. A. Identification and 
characterization of cell-substratum adhesion receptors on cultured human 
endothelial cells. J. Clin. Invest., S3: 1992-2002, 1989. 

36. Elder, D., Guerry, D., Epstein, M., Zehngebot, C, Lusk, E., VanHom, M., 
and Clark, W. Invasive malignant melanomas lacking competence for metas- 
tasis. Am. J. Dermatopathol., 6: 55-62, 1984. 

37. Wayner, E. A., Garcia-Pardo, A., Humphries, M. J„ McDonald, J. A., and 
Carter, W. G. Identification and characterization of the T lymphocyte adhe- 
sion receptor for an alternative cell attachment domain (CS-2) in plasma 
fibronectin. J. Ceil Biol., 109: 1321-1330, 1989. 

38. Elices, M. J. Osborn, L., Takada, Y., Crouse, C, Luhowskyl. S., Hemler, 
M„ and Lobb, R. VCAM-1 on activated endothelium interacts with the 
leukocyte integrin VLA-4 at a site distinct from the VLA/4/fibronectin 
binding site. Cell, 60: 577-584, 1990. 

39. Rice, E. G., and Bevilacqua, M. An inducible endothelial cell surface glyco- 
protein mediates melanoma adhesion. Science (Washington DC), 246: 1 303- 
1306, 1989. 


40. Kramer, R., and Marks, N. Identification of integrin collagen receptors on 
human melanoma cells. J. Biol. Chem., 264: 4684-4688, 1989. 

41. Mould, P. P., Wheldon, L. A., Komoriya, A., Wayner, E. A., Yamada, K. 
M., and Humphries, M. J. Affinity chromatographic isolation of the mela- 
noma adhesion receptor for the IIICS region of fibronectin and its identifi- 
cation as the integrin J. Biol. Chem., 265: 4020-4024, 1990. 

42. Ramos D. M., Berston, E. D., and Kramer, R. H. Analysis of integrin 
receptors for laminin and type IV collagen on metastatic B16 melanoma 
cells. Cancer Res., 50; 728-734, 1990. 

43. Elder, D., Rodeck, U., Thurin, J., Cardillo, F., Clark, W., Stewart, R., and 
Herlyn, M. Antigenic profile of tumor progression stages in melanocytic nevi 
and melanomas. Cancer Res., 49: 5091-5096, 1989. 

44. Poste, G., and Greig, R. The experimental and clinical implications of cellular 
heterogeneity in malignant tumors. J. Cancer Res. Clin. Oncol., 106: 159- 
170., 1983. 

45. Nicolson, G. L. Generation of phenotypic diversity and progression in 
metastatic tumor cells. Cancer Metas. Rev., 3: 25-42, 1984. 

46. McGregor, B., McGregor, J. L., Weiss, L. M., Wood, G. S„ Hu, C-H., 
Boukerche, H. and Wamke, R. A. Presence of cytoadhesins (Hb-IIIa-like 

c^es. P A°m e Tam h patnol., 92?495^499, 1989** ° ^ 

47. Clark, W., Elder, D., Guerry, D., Braitman, L., Trock, B., Schultz, D., 
Synnestvedt, M., and Halpem, A. Model predicting survival in stage 1 
melanoma based on tumor progression. J. Natl. Cancer Inst., 81: 1893-1904, 
1989. 

48. Vogel, B., Tarone, G., Giancotti, F. G„ Gailit, J., and Ruoslahti, E. A novel 
fibronectin receptor with an unexpected subunit composition (a,/0i). J. Biol. 
Chem., 265: 5934-5937, 1990. 

49. Krissansen, G. W., Elliott, M. J., Lucas, C. M., Stomski, F. C, Berndt, M. 
C, Cheresh, D. A., Lopez, A. F., and Burns, G. F. Identification of a novel 
integrin 0 subunit expressed on cultured monocytes (macrophages). J. Biol. 
Chem., 265: 823-830, 1990. 

50. Cheresh, D, Smith, J., Cooper, H., and Quaranta, V. A novel vitronectin 
receptor integrin («.&) is responsible for distinct adhesive properties of 


6764 


